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CHAPTER I 


INTRODUCTION 


1.1 The Instnimant Landing Approach 


The instrument landing system (ILS) has been in civil use 
since 1947 and is in operation at about 600 airports throughout 
the world, half of them in the United States. Its name, however, 
is a misnomer. It should more properly be called an instrument 
low-approach system, as a pilot must establish visual reference 
with the ground in the last phase of the approach to corrplete the 
landing. This is the *'see-to-land“ concept (DeCelles, 1970). 

The iirLnimum height above the runway elevation at vitLch a 
pilot must abort tlie approach if the required visual reference 
has not been established is the "decision height". At present, 
five categories of instrurrent landing approaches are classified 
by tlie International Civil Aviation Org£inization, with different 
decision heights (ICAO, 1965 and 1970) : 


Table ...1 ICAO Categories 


Category Decision Height (ft.) Rjnway Visual Range (ft.) 


I 

200 

2400 

II 

100 

1200 

IIIA 

0 

700 

IIIB 

0 

150 

IIIC 

0 

0 


The category under which an ILS approach is conducted depends 
on the certification of the particular aircraft and its crew and 
on the available ground equipaient at tlie airport. Category I landings 
have been carried out for almost tliirty years; the first eight 
United States airports were certificated for Category II operations 
in August of 1968. At tlie present time there is only one runway 
in the United States which is certificated for Category IIIA operations. 

The ILS is a precision approach system which provides accurate 
course alignment and glide slope descent information during the 
approach by way of specialized equipment on tlie ground and on board 
the aircraft: 

1. The glide slope transmitter, usually installed betv;een 
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750 and 1250 feet from the approach end of the runway, establishes 
a radiation pattern in space from vi^ich a signal is derived propor- 
tional to tile aircraft's vertical angular displacement from the glide 
path. Tills signal drives the up-down glide slope deviation indicator 
(GSI) needle and is one of the inputs to the longitudinal fli^t- 
director in the aircraft. The glide slope beam widtii is approxiimtely 
1.5*^, half above and half below the glide slope line. The glide slope 
line elevation is usually 2,5° t-.- r.5° above the horizontal. 

2, The localizer transmitter is usually installed approximtely 
1000 feet beyond ajid 300 feet to ehe side of tlie far end of tlie 
runway with the aiitenna in line with tlie runway centerline. The 
localizer establishes a radiation pattern in space from whidi a 
signal is derived proportional to tlie lateral angular displacement 
fron the vertical plane through tlie runway centerline. This sigtial 
drives tlie left-right course deviation indicator (GDI) needle and 

is one of tlie inputs to the lateral flight director in tlie aircraft. 
The localizer beam width is approximately 5°, half to the right and 
half to the left of the runway centerline extensinn. 

3. Merger beacons and optional compass locators provide 
definite fixes along the approach as distance spot checks. The outer 
marlter is placed on the runway centerline extension at a distance 

of fron 4 to 7 miles from the runway threshold; tlie ifdddle marker is 
placed where the glide slope is 200 feet above the runway elevation 
and identifies tlie Category' I decision height; the inner marker is 


3 



placed where the glide slope is at the Category II decision height 
or to indicate runway threshold passage. In addition to an audible 
tone, the outer narlter lights a purple laiip on the instrument panel; 
tlie middle marker, an amber lanp; and the inner marker, a vhite lamp. 


1,2 Background 

In the last decade, a great deal of thought has been given to 
Category III landings and tlieir iiiip].ications. One area of intensive 
investigation centered around tije role of tlie crew during the 
approach, and current thought is polarized around two extremes: 

1. Tlie crew is in the control loop and flies the aircraft in 
accordance with instrun:ent'-generated signals. 

2, Steering signals are coupled directly into the autopilot, 
with the crew munitoring the system. 

r 

Crew control based on the steering signals is favored by many crewmen 
and operations personnel (Kayton, 1969) , and canprehensive manual 
control-display theories have been dovelcped CClorent et al. , 1968; 
McRuer et al. , 1967) to facilitate the design of optimal equipment. 
For reasons of econony, civil aviation authorities and oorrmercial 
carriers prefer to retain the ILS for Category III guidance and are 
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vjorking to set standards for caipatible airborne equipinent. The 
ILS localizer can probably be made usable for lateral guidance during 
Category III touchdowns. The ILS glide slope is not usable , however, 
below approximately 100 feet of altitude, because of tlie parabolic 
shape of the beam in that region. Thus, for vertical guidance near 
the runway. Category III landing systems must be based on non- ILS 
equipment such as microwave guidance or a radio altimeter. 

EJuring ‘he early phases of an uncoupled final cpproach, at 
.’Ititudes greater than tJie decision height, steering information 
ir. presented to the pilot by the flight director. This system 
incorporates as inputs not only the raw GSI and GDI position data 
but also rate information and thus relieves the pilot of the need 
t£"> generate large leads in synthesizing the information (DeCelles, 
1970) . Neiv features are constantly being added t ^ existing flight 
director systems (Menroe et at. , 1968); they a:‘e, hoii?ever, inadequate 
as a mode of guidance during the final pliase of tlie landing (DeCelles, 
op. ait.) and their performance during simulated Category III landing 
studies has been disappointing (Gainer et at. , 1967) , presumably 
because of increased worlclcads caused by the manual control mode 
and because of excessive dispersion at touchdOT.-ms. 

The first British Euonipean Ain^^ays Trident had been certificated 
for automtic touchdoims in 1965 (St. John and Morgan, 1966) and 
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the first fully automatic lauding in airline passenger service 
occurred two years later. Since tlien, great progress has been achieved 
in the development of automatic landing systems. Ihe sinplex, fail- 
hard couplers of yore have been replaced by redundant diplex systems 
and triply-redundant autopilots which provide fail-soft capability 
in the event of two simultaneous failures. Many systems are available 
today, such as TALAR, PLARESCAN and AUTOLAND, to name just a few. 

Yet coirputers are only h'jraan, and crews demand the capability 
of monitoring the progress of tlie landing via displays which utilise 
signals and data processors conpletcly independent of the autopilot 
(DeCelles, up. ait.). Indeed, a nunrber of independent landing monitor 
(lEM) concepts and configurations have been proposed to date, botli 
the conventional pai lol-inounted variety (Bencivenga, 1970) and the 
heads-up display (HUO) type (Parks and Tubb, 1970; Jenney et al, ,1971) , 
Seme of these concepts have been evaluated in flight: An instrument 
panel display for monitoring aubcmatic landings was flight-tested 
in a EX2-7 at the National Aviation Facilities Experimental Center 
(Pursel, 1968) , while in France a HUD all-weather approach and landing 
nonitor is being flcwn on board a Nord-262 (Dunbar and Collins, 1972) . 


1.3 Objectives of the Thesis 


It is axiomatic that a pilot should be capable of detecting 
and identifying failures in tlie autanatic landing system accurately, 
relialDly and witli minimal time delay. To this end, extensive studies 
have been conducted in v/hich tlie pilot was treated as a controlling 
eleirent in a one-dimensional task; his decision processes (Schrenk, 
1969) and his adaptive beliavior following a sudden change in the 
controlled plant dynamics were investigated (Young et al. , 1964; 
Phatalc and Belcey, 1969) . Other studies investigated the failure- 
detection performance, treating tlie operator as a pure monitor 
(Gai and Curry, 1975). In reality, the pilot is faced with multi- 
axes, not single-axis, tasks; altliough models for interference among 
multiple control tasks have been derived (Levison, 1970) , the inter- 
relationships between simultaneous control and monitoring tasks 
are not as yet well understood (Levison, 1971) . 

Young et al, (op. cit.) found that in single-axis tracking 
tasks tlie human cperator's performance as a failure detector was 
better when he was in the control loop; simulated Category III 
landing studies, on tlie other hand, revealed tliat the pilot’s failure 
detection performance deteriorated when he was faced with a manual 
control task, coiipared to the monitoring mode (Vreuls et al. t 1968a 
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and 1968b). Mien faced with split-axis tasks, pilots’ monitoring 
and decision making was inpaired (Monroe et al. , 1968) and they 
sometimes conpletely overlooked tlie occurrence of a failure, 
presurmbly because of tloe increased \^?orkload associated witlo split- 
axis tasks coipared to a monitoring task (Gainer et al, , 1967) . 

The inadequacy of the human operator as a fault detector led to the 
development of parformance-niDnitoring hardware (Smitli et al, , 1972) 
whicli has been installed in many modem aircraft (Jester, 1973) . 

Even with tlie aid cf such annunciate ■ panels the pilot's performance, 
under certain conditions, leaves mudi to be desired (Semple et al, , 
1968) . 


It has been recognized that when tire role of the human operator 
changes from monitoring to that of an active controller, corresponding 
dranges take place in Iris workload level (Ekstrom, 1962; Wewerinke) . 
However, in pilot performance studies to date these effects were 
completely confounded. It is the primary purpose of tliis investigation 
to separate these effects and to document pilot performance during 
a Category III landing as a function of tire particular control 
node at different workload levels. We wish to isolate and identify 
the effects on performance due to the variations in the control 
mode alone - aird hence, variations m tire operator's mode of behavior - 
apart from the effects on performance due to the variations in the 
workload level. 
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1.4 Research Method 


As stated, the purpose of tills research was the study of the 
pilot's short term decisions regarding performance assessment and 
failure itonitoring* We wished to investigate the relationship between 
tlie pilot's ability to detect failures, his degree of participation 
in the control task and his over-all vrorkload level. Also, we wished 
our findings to be applicable to the general population of pilots who 
fly low-visibility approaches in connercial jet transport aircraft. 

To this end, tliis research consisted of an e^qperirtental inves- 
tigation which was carried out in a static ground simulator. Airline 
pilots flew zero-visibility landing approaclies with different degrees 
of automation and at different worlcload levels, whidi were induced 
by simulated wind distirrbances . Tlie pilots* ability to detect failures 
and to provide a reliable manual back-up capability was monitored 
and recorded. 

The data were analyzed to identify statistically significant 
relationships among tlie experimental treatments and the factors which 
produced the optimal performance were sought. 
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1.5 Resiilts of tlie Thesis Research 


The investigation lias e>am3.ned the effects of the pilot's 
participation node in tlie flying task on h.is workload level and 
failure-detection performance. We found tliat the participation 
node had a strong effect on tlie pilot's workload, tlie induced workload 
being J.CTOSt when the pilot acted as a ironi.toring element during a 
coupled approadi and highest when tlie pilot was an active element in 
the control loop. In addition, a very marked increase in worklocid 
at altitudes below approximately 500 feet v/as documented at all 
participation nodes; tliis increase w'as inversely related to distance- 
to-go. 


The effects of worlcload and participation mode on failure 
detection were separated. The participation mode was shown to have 
a dcsninant effect on the failure detection performance, with a 
failure in a monitored (coupled) axis being detected significantly 
faster tlian a corrparable failure in a manually controlled axis. 

Touclidown performance was also docunonted and tlie findings 
of previous investigators wei"e supported, namely that the conven- 
tional instrument panel and its associated displays were quite 
inadequate for sero-visibility operations in tlie final phases of 
the simulated landiiig approadi. 
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CHAPTER II 


THE EXPERIMENT 


2,1 Hyjpotheses 

In analysing his perf03Stiance as a systems cjonponent, the 
huntin can be assumed to possess infoniation-processlng capacity 
which is fixed ajid constant in any given set of conditions (Bm-jn, 
1964) . As lojig as tlie infcimiation processing deirands/ wliich are 
irtposed on the operator, are considerably less than tliis ma>jjiial 
capacity, the human's iiiforjration sairpling rate will be liinibed 
only by the presentation rate and by his own display scan rate 
limitations. When the demands are increased, however, the human 
must reduce his infomation sampling rate. 

If the human serves as a controlling element in the system, 
tlie reduced sairpling rate will manifest itself in increased lag 
and hence, to maintain an adequate plaase margin, the operator will 
reduce his gain vMch, in turn, will effect an increased R-S tracking 
error. If he acts as a failure-manitoring element, tlien failure- 
detection times wall be increased- These assumptions underline 
our hypotlieses : 
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1. Both operator participation level in tlie control task 

and his overall worlcload affect the iivEormation-processing require- 
imaits. The effects, tJ'ion, che operator’s participation level and 
workload on liis failure detection performance are additive. Manual 
trackino will result in longer detection times tlian will iionitoring 
a coupled autoiratic approach, and higli worJcloads vlll manifest tliem- 
selvGS in linger detection times tlian will low workload levels. 

2. As tlio flight instrui-nents display singular, ratlier than 
linear, deviations fran tiie locaiiser course and glide path, tliey 
increase in sensitivJ.ty as distance to touch-dov;n decreases. In 
addition, tlic pejialty for error increases witJi increased proximity 
to the grou:id. Additional pr<' cessing demands are tlierefore placed 
on the pilot and hence his w’crkload increases in inverse proportion 
to the altitude or to distance- to go. 

The validity of these hypotl'ieses will be tested experimentally 
in a fixed-base cockpit simulator vjith the aid of a workload-measure- 
ment device. 


2.2 VJorkload Njeasureiiient Tlioorg' 


As was already stated in Section 2.1, the human operator is 
postulated to possess finite, fixed capacity to perform well on 
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taslcs such as itanual tradcing or information processing (Brown, 1964) , 
This total capacity, TC, is assuned to be constant in a given set 
of conditions such that the performance is inversely related to the 
amount of workload required in excess of this level. 

Wlien the human operator is performing a task which requires 
less than his total capacity, then liis total capacity is divided 
into the expended capacity, EC, and tiie fraction whicli is unused, 
the residual capacity, PC: 


TC = EC + RC (2.1) 

A now classic exaiiple of these concepts was given during evaluation 
of alternative control modes for the X-15 research aircraft (Ekstrom, 
1962) . The subject first perforircd a self-paced choice-reaction 
puslibutton task, and his scores were recorded. As tliis was a self- 
paced task and the subject was well-motivated, these scores were 
assumed to represent his total capacity. Mext, the subject performed 
the primary control task concurrently with and at the expense of 
the subsidiary puslibutton task. If the si±isidiary task response 
was reduced to 40 percent of the level obtained wlicaa performing 
the subsidiary task alone, tlien this would be taken as an indication 
tliat the operator needed 100 - 40 = 60 percent of his attention to 
perform tlie primary control task. The results of this analysis 
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showed tliat the pilot could use botli cont‘>"o'! iTOdos equally well 
but that one mode rec[uired less of the pilot's attention and there- 
fore, in terms of workload penalty, was superior to the otlier. 

In tills application, the auxiliary task is introduced as a 
maasuring tool. It is used to determine tlie price paid in operator 
effort in meeting the performance criteria of Uie primary task. 

The rationale for using the subsidi.ary task is that as tlie J.oad 
of tlie primary task is increased, perforrrance on tlie subsidiary 
task will deteriorate, thus aiving a measure of hov/ much additional 
work tlie operator can handle while still meeting system criteria 
of the primary task. The situation is illustrate schematically in 
Figiire 2.1. 


2.3 Requiren^ents of the Auxiliary Task 

The problem of defining the requirements of tlie aijxiliary 
task is oonplicated by the simple fact that different experiments 
impose different specific demands upon the auxiliary task, thus 
hanpering the development of a universal subsidiary task. 

A generalized set of desired characteristics, however, can 
be described for the auxiliary task. These characteristics do not 
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TASK 

Task 1: s.t. alone s. t. =subsidiary task 

Task 2: p.t.#l + s.t. p.t.=primary task 

Task 3: p.t.#2 + s.t. 


Fig. 2.1 Auxiliary Task Score Reflects Primary 
Task Difficulty 


L 
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define any one particular auxiliary task; they merely narrav down 
the selection to a smaller number of possible alternatives, of which 
the one is chosen which satisfies tlie additional requirements of tlie 
case in point. 

2,3.1 The Multiplex Model 

The subsidiary task is used to measure tlie reserve capacity 
of tlie operator during vjhat is essentially normal pei'formance of the 
primary task. It should, therefore, be subtle in its effect on tlie 
primary' task; it shou].d be derrianding enough so tliat the operator 
cannot ignore it, yet not so demanding as to stress the primary 
task to the point of disruption (Kncwles, 1963). In analyzing the 
specific requirerrents of subsidiary tasks, it is helpful to turn 
to a rather simple, yet effective, single channel multiplex model 
which has been proposed to sumrmrize the basic notions of operator 
loading and its measurertBnt by subsidiary task scores (Knowles, 

1973; Broadbent, 1957) . A multiplex system uses a single, fixed 
capacity channel to transmit messages frcm several sources to 
several destinations. Only massages fran one source to one destina- 
tion can be processed at a .-ime, but the information flow rate con 
be maximized by proper coding &.;•'> c±iing routines. A schematic 

representation of the model is given Figure 2.2. In this model 
S is an information souirce, D is a destination, represent 

the flow of the primary)' task information, ^ 2~^2 flcv/ 
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of tlie subsidiary task mforiTiation. 


Iri measuring operator wor3?:load it is assined that, by appro- 
priate motivation, priority is given to primary task information, 
and tliat suljsidiary task information i.s processed witliin the residual 
channel capacity. 

Seme iiqxtrtani requirements of the subsidiary task are illu- 
strated by reference to Uiis sirplo model; 

1. The svjitching points at t3ie input and at the output repre- 
sent optX)rtunities for task interference that must be minimized. 

At the input end, priority must be given to the primary task. 

Hence, by appropriate motivation, tlie subject should perform the 
subsidiary^ task only \dien he feels tliat he can respond with no 
decrement in his performance on the primary task. It should be 
noted here that in practice corrplete non-interference betv/een the 
subsidiary and primary tasks is difficult to achieve. It should, 
liowever, be minimized by using a subsidiary task which is different 
in form frem the prirraiy' task and which requires different effectors 
at the output end. 

2. The subsidiary task should be self-paced. 

3. It has been mentioned that inforrration flow- rate through 
the multiplex channel is a function of tire efficiency of tiro coding 
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insthcd acSopted by the subject^ tliat is, the degree of learning 
achieved. The learning effects of the subsidiary task should be 
minimised if a neaningful measure of the vrorkload is to be obtained. 
Consequently, tlie subsidiary task slxiuld be simple, thus requiring 
very little learning, and tlie subject should be ga.ven an opportunil^ 
to practice on tlie subsidiary task alone until he readies steady 
state on the learning curve. This yields the added benefit of mini- 
mi,sing inter- subject variations as the base performance for each 
subject can be determined. 

4, The subsidiary task information may occupy the channel 
only in the absence of primary task information. This implies that 
subsidiary task messages should be very short. This requirement 
can be met by using discrete stimulus-response units. 

5. As mentJ-Oned above, the subsidiary task is used as a 
measurement tool, to determine the operator's reserve capacity and 
hence the portion of his total capacity which is eipended on the 
primary taslc. As a measuring device, the scores of a given subsidiary 
task should be comparable frcam situation to situation. In addition 

to providing an average score over an entire run, in many applications 
it is desii'able for the subsidiary taslc to provide an indication 
of the instantaneous rate of flow of information cxintinuously through- 
out the run. 
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2.4 The Subsidiary Task 


As mentioned in Section 2,3, the sul^sidiary task is characterized 
by the following features; 

1. It is performed only when the subject feels that tliis 
not result in a decrement in his perfo3nnance on the primary 

task. 

2. It involves psychaTOtor activity different from the primary 
task's. 

3. It is sinple and over- learned 

4. It consists of short, discrete rressage units. 

5. It can be scored continuously throughout an entire run, 

and tlie information conveyed by tlie scores is cosTparable from situation 
to situation. 

Based on ti^ese required features, a "warning light" type subsidiary 
tasJc was selected for this research. It consisted of two sirall, 

1/8" diameter red lights mounted above each other outside the siibject's 
foveal vision and peripheral vision, and a rocker tliumb switch 
itDunted on the left horn of the control yoke. 

The lights provided the stimuli- They were located 75° to 
the right of the center of tlie flight instruments. The ii'i tensity 
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of the lights was very low and was adjusted iiidividually for each 
subject via a variable resistance to ensure that the subject would 
not be able to detect the lights in his peripheral vision. The 
lights were inounted on a matte black background and the two-indi 
distance betv/een them subtended a relatively large visual angle 
of 4^, to minimize confusion (see Figure 2.3). 

During the run the upper or the lovjer light, witli equal prob- 
ability, was lit at random times for two seco^ids. A correct response 
by the subject to this stimulus consisted of turning the light off 
by a proper motion of the rocker thumb switch; that is, pushing 
the switch up if the upper light v/as on or pushing it do;';n if the 
lower light was on. 

A correct response by the subject caused the light to turn 
off. A "hit" was scored and tlie si±«ject's response-time stored. 

In the absence of a correct response the light stayed on for two 
seconds, then turned off and a "miss" was scored. An incorrect 
response by the subject (tliat is, pushing the switch the wrong way) 
was also scored as a "miss". 

Mter a light was turned off, a time delay followed, uniformly 
distributed between 0.5 and 5.0 seconds, and the process was then 
repeated. Tie time delay, as well as the selection of the light, v;as 
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Figure 2.3 Subsidiary Task Warning Lights 


controlled by a randan number generator in the coirgputer program. 

The subject was instxucted to consider the piloting task of 
flying an US approach as his major concern at all times (see ;^pendix 
B, "Instructions to Pilot “ Workload Measurement") - It was ertphasized 
that his priirery concern should be to do the best that he could 
flying the approach, and tliat he should respond to the lights if and 
only if he felt that he could do so witliout sacrificing his piloting 
performance. To furtlier impress upon the subject the inportance 
of tlie piloting task he was told that during the workload-measuren^t 
runs he did not have the option of executing a missed approach 
and ttiat each approach had to terminate in a touchda\Ti on the runv;ay 
on the first trial. 

A subsidiary task of this has been sho^m to conbine 
sensitivity to workload changes witli minimal degradation of primary 
tracking task performance (Spyker et at. , 1971) . This point was 
further substantiated in this study by subjective evaluation (see 
J^jpendix C, "Pilot Questionnaire") as well as statistical analysis 
of K>1S txacking errors. These results are reported in detail in 
Chapters III and IV. 


2.5 j^paratus 


For t±ie purpose of tMs thesis, a simulation capabilit^^ including 
the ADAGE AGT/30 digital grap’iLcs conputer and a fixed-base cockpit 
simulator has been developed. 

A rrathesnatical model lias been devel.oped of a large transport 
aircraft in tiie landing approach flight envelope. The actual flight 
data of a DC- 8 were used in the equations of motion {Teper, 1969) , 
and tlie various parameters were later refined following a series 
of flight tests by a senior airline captain witli considerable Boeing 
707/123 experience. Non-linear phencmena such as ground effect 
and stalls have also been included. As an added £issurance, the 
simulator had been flown by ex- fighter pilots and airline captains 
prior to commencement of the actual ej^rimontation and all felt 
tliat it was quite adequate. 

An integrated-cue flight-director system has been designed 
for this simulator, providing the capability of landing the simulated 
aircraft manually in zero- zero conditions in a relatively satisfactory 
nanner. Also, a 'two-axis auto-pilot has been incorporated into the 
simulation wliich is capable of flying II£ coupled approaches, in 
eitlier axis or in both axes, to touchdown. The autopilot and -tlie 




fliglit-director systems have been tested extensively (see Figures 
A. 11-A. 12) . 

We also had the capability of adding wind disturbaiices to the 
siinulation to induce different wor]cload levels. The wind nDdes were: 

1. No wind. 

2. 5 kt wind, gusting to 15 kr, from 260° (i.e. , at 45° 
to tlie runway heading. Runway 4R at Logan Airport, whose heading 
is 35°, was our active runway) . 

3. 10 kt wind, gusting to 30 kt fron 260°. 

The gusts were modelled as filtered white noise v/itli a cutoff frequency 
of tt/ 6 rad/sec. 

The equations of motion of the aircraft, as well as the flight- 
director and autopilot systenB, are described in detail in ^pendix A. 

The mathematical model was programmed into tlie ACT/30 conputer 
which was linked via multiplexer channels and sense lines to the 
cockpit simulator. The cockpit was a nock-up of the captain's 
crew station in a Boeing transport aircraft (see Figure 2.4) . The 
windows were frosted to eliminate external visual reference. 
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The controls included an operational, spring-centered control 
coluim with a control wheel and rudder pedals, as well as four 
throttles, flaps, speed-brake and landing gear levers, and flight- 
director and autopilot controls. 

Apairt from engine instruments and marker beacon lights, the 
simulator v;as equipped V'jitli three CRT screens, mounted one each 
on tiie mein instiurrcnt panels at tie captain's and the first officer's 
stations and one j.n filrce of the wcatlior radar screen. The screens 
were driven siiiTultanciously by tlie ADAGE coiputcr. The screens on 
tlie main panels presented six stcindard flight instruments (see Figure 
2.5): ,ed, a L.titude- flight director indicator, altimeter, 

instantaneous vertical speed indicator, horizontal situation (HSI) 
and radio magnetic (RMI) indicators, as well as a DJ® digital readout 
and a glideslo]X’ deviation needle wliicb was repeated on tlie attitude 
indicator and tlie HSI. The HSI included a course deviation line wliich 
was tuned to the localizer. The RMI needles were tuned to the outer 
compass locator and to the Boston VOR station (see also Figure A. 3) 

One of our goals in tliis study was to investigate tlie pilot's 
failure detection performance based on his internal model of the 
environment and on liis capability of processing raw flicjlit data. 
Consequently, we did not include any displays of a mode progress 
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Figure 2.5a Flight Instrunents 

(For legend, see Figure 2.5b) 
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annunciator, itiovable bugs or a fault annunciator panel, nor were 
there any warning flags. 

The CRT screens were driven by the conputer at a rate of 24 
frames per second which was sufficient bo produce flicker- free 
images. The images v;ere updated at a rate of 5/second. 


2 . 6 rfeasurements 


Throughout eadi run continuous measurements were taken on-line 
by the carputer program. These measurements were stored initially 
in manory buffers? at the end of the run they were written on disk 
and on magnetic tape as data files for subsequent off-line analysis. 

2 . S . 1 Flight Data 

During an approach, the airplane's spatial coordinates, i.e., 
the distance fron the runway threshold, the distance from the localizer 
course (runv/ay centerline) and the altitude were sanpled at constant 
hime intei‘’-;als and stored. The sanpling intervals were set at 5 
seconds initially and at one second at altitudes below 150 feet, 
where aircraft responses of higher frequencies were expected during 
the flare or go-around maneuvers. These date enabled us to reconstruct 
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the flight path and to estimate derivatives, such as velocity and 
sink rate, which we could not store directly due to memory limitations. 

At touchdown (i.e. , when altitude equals zero) pertinent 
quantities were sampled and stored. They are: 

1. distance frcsn threshold 

2. distance from centerline 

3. airspeed 

4. sinlc rate 

5 . pitch angle 

6. bank angle 

7 . headiiig 

8. crab angle 

These data alloiwed us to assess the acceptability of the 
landings. A landing was considered successful if it satisfied all 
of the following requirenents (Gainer et al. , 1967) : 

1. range - first 3000 feet of the 7500-foot runway 

2. centerliiie - + 75 feet 

3. airspeed - less than 135 kt 

4. sink rate - less tlian 360 fpm 

5. pitch ~ betoeen o'^ and 9° 
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6. 


bank - less than 5° left or right 

7. heading - within 4° of runway heading, i.e, , betiveen 
31° and 39° 

There were no penalties for excessive crab, i.e., lateral drift, 
as the pilot was not presented with any decrab information. 

In addition to these, time to detection of failures, v/hen a 
failure occurred, was also recorded. A detection was incicated by 
pressing a push-button located on the center console in t]ie cockpit, 

2.6.2 Workload Data 

When it was activated, tlie pilot's performance on the si±>sidiar^' 
warning-light task was monitored on-line. Data were recorded in real 
time throughout the run and stored in memory, to be wrl.tten on 
disk and on n^gnetic tape at the end of tlie run as data files. 

Specifically, the program recorded the number of times tliat 
tlie subject responded correctly to the warning ligiit by ’ciivating 
the tjiumb switch ("hits"), Ms response time (latency) and the 

•k 

X -coordinate of the aircraft, i.e., the distance frcm tlie runway 
threshold at the time of the response. TMs last measure enabled us 
to correlate the subject's workload with the altitude vi.a tlie recorded 
flight-path data. The distance from threshold was recorded, rather 
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than the actual altitude, cis it was conceivable that the aircraft 

would fly at a constant altitude or pass through an altitude more 

tlian once, while it was inprobable that a pilot would be more than 

* 

once at any given X “Coordinate, that is, f.'.y a course at an angle 
of 9<j^ or more fran the runway heading. 

Incorrect responses by tlie pilot, that is, not responding 
to an illuminated light or activating tlie sv-^itch the wrong way, 

■k , 

were counted and labelled cis "misses'’. The X -coordinates corresponding 
to tlie "misses" were also recorded and stored. 

A workload index was computed from these data as follows: 

1. As each stimulus was presented for 2 seconds, the total 
response-time ratio, RTR, for botli "liits" and "misses" was conputed by 

cumulative latency (E T^) 

RTR = (2.2) 

Total number of stimuli x 2 sec 


2. A miss rate MR was conputed by 


Number of stimuli missed 
Total number of stimuli 


(2.3) 
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3. A worlcload index WLX was tlien extracted losing the best 


least squares fit weighting coefficients 


WLX = 


0.780 RTR + 0.626 MR 
0.780 + 0.626 


X 100 percent 


(2.4) 


Tliis measure of workload has been shown (Spyker et at. , 1971) to 
be correlated with physiological predictors of workload with a 
correlation coefficient p = 0.646, significant at the p < 0.005 
level. 


For the purpose of correlating failure detection performance 
with workload levels, subject responses betaveen altitudes of 2000 
feet and 800 feet were used in computing the workload index because 
betiveen tliese altitudes the aircraft was stabilized on the approach 
path and because failures occurred only in this region. Also, we 
wished to eliminate differences betaveen subjects which may have been 
caused by different subjects assigning different relative priorities 
to tlie primary tradcing task and tlie subsidiary task. To this end 
the workload index of each subject was nomalized, tliat is, a workload 
index of zero was assigned to tlie approach which resulted in the 
lOfljest workload measure for each subject and a workload index of 
100 was assigned to the approach with the highest workload measure 
for each subject. The normalized workload index on approach i of 
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subject j was conputed by 


Normalized WLX. . 

T'O 


mx. . - 

to 


imn 


{V!LX. .} 
to 


mcux 


{WLX. .} “ 
t tg 


tntn 


(WLX. .} 
t ^,7 


X 100 percent (2.5) 


2.7 Experimental Design 


The. ;'‘i mental variables to be investigated in this study 
were the : s participation level in the piloting task/ the 
workload induced by the control dynamics and by external disturbances, 
and the pilot’s failure detection performance. 

The experiment involved four levels of participation: 

1. "Passive monitoring", with autopilot coupling in all 
axes, including autothrattles . 

2. "Control yaw", with autopilot coupling in the pitch axis 
and autotiirottle coupled. 

3. "Control pitch", with autopilot coupling in the yaw 
axis only. 

4. "Control both", i.e., a fully -'manual approach. 


There were three levels of wind disturbance: 


1. No wind. 

2. A 45° tailwind of five knots, gusting to fifteen Imots. 

3. A 45° tailwind of ten knots, gusting to thirty knots. 

Three failure conditions were used: 

1- No failure - 

2. Failure in the yaw axis (see Section A. 4) . In this condition 
tlie autopilot, if coupled, or the flight director would steer the 
airplane away from the localizer course, resulting in a one-dot 
deviation (1.25° of angular error) about 100 seconds after the 
failure occurred. This type of failure was chosen, rather than a 
runaway failure, because it was quite subtle and so provided a 

good measure of the limits of tlie pilot's failure-detection capability. 

3. Failure in the pitch axis, which resulted in a one-dot 
deviation (0.35° of angular error) approximately 30 seconds after 
the occurrence of tlie failure (see Figure A. 11) . 

Failures were presented only between tlie altitudes of 1800 and 800 
feet. The selection of the failure altitude Wc\s randomized, as was 
the selection of tlie direction of the failure (left-right in a yaw 
failure node, up-down in a pitch failure mode). Workload levels 
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and failure detection performance were investigated in separate 
ej^riments, to avoid possible contamination of failure detection 
data by tiie presence of a conccmitant subsidiary task. Also, we 
were interested in measuring workloads at the different participation 
levels. The occurrence of a failure during tlie approach would liave 
mde tliis inpossj±)le, as the cont rol mode changed following a failure. 

2.7.1 Workload 

The effects of the level of participation and of the wirjd 
disturbance on the pilot's workload were investigated in a 4 x 3 
factorial e>^riiient as shown schematically in Figure 2.6. 

The order of presentation of the twelve treatmeiits was randemized, 
and ever^^ pilot (replication) flew all toelve approaches indicated 
by the design. The subject's workload level was measured by tlie sub- 
sidiary task. InIo failures v;ere presented and go-arcunds were not 
permitted. 

2.7.2 Failure Detection 

The effects of the level of participation and of the wind 
disturbance on tlie pilot's failure detection performance were inves- 
tigated in a 4 X 3 X 2 factorial ej^riment as shown schematically 
in Figure 2.7. 






The "no failure" condition was also incorporated in the design 
so tliat the subject would not anticipate a failure on each and every 
approach. This, however, resulted ina4x3x3"36 treatn^ts 
per replication for this experiiient in addition to the tovelve treat“ 
ments of the workload e>^rirTGnt. We felt tliat sudi a large number 
of treatments placed an unacceptable burden on the volunteer subjects. 
Consequently, some high-level interactions were partially confounded 
in the failure detection experimental design (Cochran and Cox, 1968; 

Li, 1955) , resulting in eighteen treatments t>er subject (x'eplication) . 
With the workload index experiment, tliis meant 30 treatments in 
all per subject, which we felt was a more manageable load. The 
interactions which \'^ere partially confounded were (participation) x 
(failure) and (participation) x (disturbance) x (failure) . The average 
loss of information regarding these interactions was 1/27 and 4/27, 
respectively (Li, 1944), cenpared to a full rarit desigir; tliat is, 
tlic accirracles of tlie estimates of these effects were 26/27 and 23/27, 
respectively, of the accuracy of tlie estirratos of the non-confounded 
effects. The treatments presented to each subject, excluding the 
six approaches in which no failures occurred, are shown in Table 2.1. 

The subsidiary task \^es not presented in this peurt of the experiment 
and go-arounds were permitted. 

The order of presentation of the twelve treatments was randanizc.rh 
Eadi pilot flew the twelve approaches indicated by the design, failures 
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Table 2 . 1 Treatments of Failure Detection Experiment 

Treatment {ijk} ^ participation mode i 

disturbance level j 
failure condition k 


REPLICATION CSUBJECT) 


2b 

3a 

3b 

4a 

4b 

5a 

5b 

6a 

6b 

7a 

001 

000 

001 

001 

000 

001 

000 

000 

001 

000 

010 

010 

Oil 

010 

oil 

010 

Oil 

010 

Oil 

Oil 

021 

021 

020 

020 

021 

021 

020 

021 

020 

021 

101 

100 

101 

100 

101 

100 

101 

101 

100 

101 

110 

110 

111 

111 

110 

111 

110 

111 

110 

110 

121 

121 

120 

121 

120 

120 

121 

120 

121 

120 

200 

201 

200 

200 

201 

200 

201 

201 

200 

200 

211 

211 

210 

211 

210 

211 

210 

211 

210 

211 

220 

220 

221 

221 

220 

220 

221 

220 

221 

221 

300 

301 

300 

301 

300 

301 

300 

300 

301 

301 

311 

311 

310 

310 

311 

310 

311 

310 

311 

310 

320 

320 

321 

320 

321 

321 

320 

321 

320 

320 


Table 2.1 (continued) 


REPLICATION CSUBJECT) 


7b 

001 

010 

020 

100 

111 

121 

201 

210 

220 

300 

311 

321 


8a 

000 

Oil 

020 

101 

110 

121 

200 

211 

220 

301 

310 

321 


8b 

001 

010 

021 

100 

111 

120 

201 

210 

221 

300 

311 

320 


9a 

001 

Oil 

020 

100 

110 

121 

201 

211 

220 

300 

310 

321 


9b 

000 

010 

021 

101 

111 

120 

200 

210 

221 

301 

311 

320 


41 


were presented emd the pilot’s detection performance \v?as monitored. 

Each pilot flew six additional approaches in ^diich no failiire occurred. 
These approaches were, randomly interspersed among the tivelve failure 
approaches. No failure detection data were obtained frcm these approaches, 
of course, but recoi'ls of these runs were kept for identification 
of possible loading effects of the subsidiary task, when present, 
by means of analysis of variance of RMS tracking errors. 

The data wliidi were lobtained in tliese ej^eriments were processed 
off-line by a package of statistical oonputer programs, UCLA, BMD. 

The methods of analysis are described in detail in Chapter IV of this 
thesis . 


2, 8 Procedure 


2.8.1 Familiarization and Training 

Each, pilot was first briefed in general terms about tlie 
pinrpose of this research, and after he filled out a personal data 
questionncdre {Appendix C) he proceeded to tlie simulator. 

The subject was familiarized with tlie instruments and rath 
the various controls, levers and si^itclies. He was shavn an approach 
plate for runway 4R at Logan on vhich the initial aircraft position 
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and heading were indicated by an ariXM (Figure 2.8), and the approach 
procedures were explained to him: the subject was told that all 
approaches began at tlie sarre position, 12 miles from the runway threshold, 
one mile to the left of the localizer course and heading of 065°, 
at altitude 2500 feet and airspeed 170 KIAS, V7ith the landing gear 
up and flaps set at 30°. He was to capture and fack the ILS approach 
path, lor;er the flaps to 40° v;hen the ^lideslope deviation indicator 
needle started moving da-.n and call for the ].anding gear and for full 
flaps (50°) when passing through altitude of 2000 feet. It was made 
clear to the subject that, as pilot- in-cortmand, he could deviate 
frcm these guidelines at his own discretion. The experimenter 
was to act as a co-pilot and cperate the flaps and the landing gear. 

The autopilot was then coupled, the flight director vjas 
turned off and biased out of and the si±)ject observed a fully 

automatic coupled approadi to touclidovm. The experimenter, in the 
co-pilot's seat, called out the follcwing events: localizer alive, 
glideslope alive, 2000 feet, outer marker, 1000 feet, middle marlter, 
and threshold passage (inner maiicer) . These calls were made on all 
subsequent approadies. 

At touchdown tlie CRT screen blanked out for one second and 
then a list was displayed (Figure 2.9) indicating to the pilot 
the parameters at touchdown. 
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PARAMETERS AT TOUCHDOWN OR AT STOPACTIOK 
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Figure 2.9 CRT Display at Touchdam 


NGxtj. th© lateral autopilot vbs uncoupled j> the flight director 
was turned on in the roll (LOG) mode, and the pilot flew a split- 
axis approach, in which he controlled the aircraft in yaw and in 
roll, to touciidown. The third farniliarization approach was a split- 
axis control in pitch in which the pilot was, for the first tine, 
in control o': the power, followed by a fully manual approadi. 

The subject continued to fly fully manual approaches until 
he indicated that he was satisfied with his performance or imtil 
he flew at least two approaches which terminated in a successful 
touchdown, vjhich ever occurred later. This ended tlie training period. 

i 

The actual experimental runs then connrsnced. ']iie experiment 
consisted of two separate sessions, with each pilot flying fourteen 
approaches in the first session and sixteen approaches in tiie second 
session. Seven pilots flev/ the workload approaches first, followed 
by the failure detection runs; the order was reversed for the other 
eight si±ijects. This was done to counter-balance any possible 
learning effects. 

Each approach lasted betoeCTi five and six minutes; tlie first 
session usually lasted for about tliree hours, including one 20- 
minute break. The second session was cx>nducted about a week or 
two weelcs after the first, and also started with a re-training 
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period. Generally less practice was required, however, to reach 
a plateau on the learning curve and the second session .’’asted for 
about two hours, including the 20 -minute break. 

2.8.2 Worlcload Ejiperirsnt 

The subject was instructed in the use of the subsidiaiy task 
(see i^pendlK B. 1) , and it was eirphasized to him that his primary 
concern at all tines should be to do the best that he could on the 
primary task (flying the approach) . To further impress upon the subject 
the priority of the primary task he was told tliat he could not elect 
to execute a missed approach and that each and every approach should 
tesmdnate in a touchdown on tlie first trial. Tlie brightness of the 
subsidiary task’s warning 3J.ghts was then adjusted by the experimenter 
with the subject looking at the attitude indicator, until the subject 
reported that he could not detect the lights in liis peripheral vision. 
The twelve experimental runs for the record then canmenced. At the 
end of this session, the subjv ct was asked to answer a subjective 
evaluation questionnaire (see appendix C) . 

2.8.3 Failure Detection 

Instructions concerning the general cliaractoristics of tliis 
experiment were read to the pilot (Appendix B.2) . He was told that 
as soon as he detected conflicting readings or discrepancies between 
instruments he should call it out as a failure and speciify tlie axis 









in which he sxispected the failure occurred/ such as "roll failure", 
"lateral malfunction", "drifting off tlie localizer" and tiie iU^e. 

This was done to assure that tlie pilot detected an actual failure 
and was not reporting a false alarm which may have resulted from a 
sudden gust or a vertical draft. 

Tlie pilot was told that liis reaction time would be recorded 
by way of the ej^periitenter pressing a button on the center console. 

Tie experimenter held his hand over the button throughout the approach 
on every approach, including the ones in which no failure was to occur 
to minimize delay- times and to avoid cueing the subject inadvertently. 

The pilot was told that following a correct identification, 
the malfunctioning system would be disconnected by tlie experimenter 
and it would be up to him to decide x^hether to continue the landing 
or to execute a missed approach, whidi consisted of calling for a 
go-around and establishing a positive rate-of-climb, at which point 
the run was terminated by the experimenter- 

PAA. regulations or oonpany policy concerning the termination 
of an approach were not to be adhered to. The pilots were to use 
their own judgement, the decision-criterion being the probability 
of an acceptable landing. If they tliought that they could oomplete 
the landing following a malfunction, the pilots were to do so? 
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if X in tlieir judgemantf an acceptable toudidown was precluded, 
they were to initiate a go-around. 

The flight-director operated only in the axes wliidi were 
controlled manually. The matrix of control modes following a failure 
is given in Table 2.2. 


2.9 Pilot Subjects 


A total of -toenty qualified pilots participated in tliis research. 
Of these, four pilots - two airline captains and two MIT personnel - 
assisted in the preliminary phases of simulator validation, flight 
parameters adjustment, and ej^perimental procedxnres shakedown runs. 

Of the remaining sixteen pilots, one dropped out of the progran'j 
after one session for personal reasons and fifteen pilots from Delta 
Airlines and Eastern Airlines - seven captains, six first officers 
and two second officers - flew 450 approadies for tire formal e>!peri- 
ments. These pilots’ personal data are sijnmarised in Table 2.3. 

All of the pilots were volunteers who had an interest in the 
program and #io participated in tlie experiments in their free time. 
They did not receive any payment for their participation. 


Table 2.2 Conbrol Modes Following a Failure 


FAILURE 

Autopilot 


Flight Director 


Fully Automatic Autopilot disconnected, 

flight-director coupled 
in failed axis 


Split Axis 


Autopilot disconnected, 
flight-director coupled 
in failed axis 


Flight-director disconnected, 
pilot reverts to raw data in 
failed axis 


Fully Manual 


Flight-director disconnected, 
pilot reverts to raw data in 
failed axis 


Table 2 . 3 Pilot Background Data 

FLIGHT EXPERIENCE^ HOURS FLIGHT 






COMMERCIAL 

MILITARY 

OTHER 

DIRECTORS 

PILOT 

AGE 

POSITION 

CURRENT 

EQUIP. 

JET 

RECIP. 

JET RECIP. 


CP 

RB 0 

2b 

38 

F/0 

DC“9 

5000 

1500 


1500 

/ 

/ 

3a 

56 

Captain 

B727 

5000 

15000 

2000 

550 

/ 

/ 

3b 

32 

Captain 

B727 

4000 

1000 


2000 

/ 

/ 

4a 

33 

F/0 

B727 

2200 

300 


550 

/ 

/ 

4b 

39 

Captain 

DC- 9 

5000 

5000 



/ 

/ 

5a 

41 

F/0 

B727 

3300 



250 

/ 

/ 

5b 

62 

Capt (ret) 

DC- 9^ 

7000 

18000 

5000 

1200 

/ 

/ 

6a 

55 

Captain 

B727 

9500 

16500 

1500 

850 

/ 

/ 

6b 

35 

S/0 

B727 

400 


1500 150 

500 

/ 


7a 

32 

F/0 

Electra 

300 

2000 

1000 

250 


/ 

7b 

40 

Captain 

DC- 9 

5500 



3500 

/ 

/ 

Sa 

30 

S/0 

B727 

1000 


1500 300 

400 

/ 

/ / 

8 b 

32 

Captain 

B727 . 

5000 



3000 

/ 

/ 

9 a 

28 

F/0 

B727 

300 


600 

3100 


/ 

9b 

31 

F/0 

B727 

4000 



350 

/ 

/ 

Mean 

39 



3800 

7400 

1300 1600 

1800 




''CP=crosS“pointers (Sperry) ; RB=roll-bars (Collins) ; O=other (Litton) 
^equipment flown prior to retirement 



The total flight experience of the pilots who participated 
in tlie experirtiental phase of the research ranged frcsn 2,550 hours 
to 31,200 hours, with a median of 6,000 hours. Twelve pilots liad 
accumulated 10,000 hours or less, with a mediaii of 4,200 hours; 
three pilots had more tlian 22,000 hours each, mth a median of 
28,350 hours. 

This experience had been accumulated in cOTirercial jets such 
as B707, B727, DCS, DCS, EH227 and CV880; reciprocating coirmercial 
aircraft such as DC3, DC4, DCS, DC6, DC7, CV240, CV340 and CV440; 
military jets sudi as F4, A6, T33 and T37; iriilitary propellor-driven 
aircraft such as 0-1, T41, T42 and an assortment of World War II 
aircraft; and various light fi>;ed- and rotary-wing airplanes - 

All pilots, vri.th one exception, had had escperience with integrated- 
cue flight directors such as the Collins FD105 and FD109, With the 
exception of subject 5b, all pilots had fla-m numerous ILS approaches 
in the six-month period icicrediately preceeding the first experimental 
session, the most recent H£ approach having been v^dthin tvjo weeks 
or less. 
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CHAPTER III 


DATA AND RESULTS 


3.1 Description of the Records 

Data ^-jere accamulated during each run and tliroughout the run. 
They were initially stored in arrays in the coirputer’s memory; at 
touchdown, which autonatically terminated the run, or when the 
ei^perinenter manually terminated the run after initiation of a 
missed approach, all the data of that run were copied into data 
files and stored on a disk. At the end of a session, all the data 
files of that session were also copied onto magnetic tapes. In all, 
about 1500 data files were accumulated. 

The measurements which were taken on-line are reported in 
Section 2.6 of this thesis. A sanple output record is shown in 
Figure 3.1. 


3.2 ht>rkload 


Botlt raw and normalized workload scores {Section 2.6.2J were 
analyzed. The frequency distribution of the raw workload scores of 
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RUM CODE) JHU3 

PfiRRMETERS ftT TQUCHDOWM OR RT STOPACTIOH) 


DISTftMCE PROM THRESHOLD 193&, FT. 


DISTANCE 

FROM CENTERLINE 

-0S. 

FT. 

INDICATED 

AIRSPEED 

127. 

KNOTS 

VERTICAL 

SPEED 

-143, 

FPU. 


PITCH PMGLE 
BOMK AflGLE 
HEADING 
CRAB ANGLE 


6. DECS. 
1. DECS. 
36. DECS. 
a, DECS, 


TIME TO DETECT 0,00 SECS, 

TIME TO IDENTIFY 0.00 SECS. 


Figure 3.1 Sanple Output Record 

(Continued on next 4 pages) 
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7S SfltlPl.ES OF SPflTiftL COORD UlftTES FOLLOW! 


:D TIME. SECS. 

X^FEET 

ft, FEET 

V, FE 

0 .006 

-71307. 

2500. 

-6079, 

5. SOS 

-70505. 

2496. 

-5313, 

10.008 

-69297. 

2495. 

-4616. 

15.0S8 

-63032. 

2494. 

-3878. 

20.108 

-6675'^. 

2494. 

-3120 . 

25.008 

-65513. 

2495. 

“2379. 

30.058 

-64204. 

2492. 

-1681 , 

35.108 

-62362. 

2489. 

-1080 . 

40,153 

-61492 , 

2488. 

-S47. 

45,009 

-60138. 

2488. 

-93. 

50.059 

-5870 1 . 

2485. 

274. 

55.109 

-57243. 

2481 . 

492 . 

60 .159 

-5S796. 

2475. 

548, 

65.009 

-S4440. 

247S. 

.501 . 

70.059 

-S5114, 

2471 . 

440 . 

75. 110 

-51806. 

24 69. 

405, 

30.210 

-50473 . 

2472. 

386. 

85.060 

-49202. 

2464. 

343. 

90 . 160 

-47374 . 

2426. 

289. 

95.010 

-46612. 

2371 . 

24 3. 

100.060 

-45297. 

2318. 

224. 

105.161 

-439S9. 

2275. 

267. 

110.011 

-42689. 

2242. 

313. 

115.011 

-41386. 

2192. 

350 - 

120.111 

-40066, 

2120 . 

349. 

125.161 

-38769. 

2046. 

312. 

130.011 

-37522 , 

1983- 

269. 

135. no 

-36207. 

1934. 

216. 

140 .210 

-34983. 

1890 . 

152. 

145.009 

-33897 . 

1819. 

99, 

150 . 109 

-3276S. 

1735, 

42 . 

1‘5S.05S 

-31676. 

1669. 

-15. 

160.157 

-30556. 

1619. 

-54, 

165.007 

-29474 . 

1532. 

-37 , 

170 . 106 

-2S319. 

1554 . 

-9 . 

175.006 

-27205. 

1518. 

16 . 

180 . 105 

-26044. 

1458. 

44. 

185.204 

-24975. 

1382. 

92, 

190.054 

-237S4 , 

1315. 

156 . 

195.203 

-225S6. 

1261 . 

203. 

200,052 

-21445. 

1210 . 

197. 

205. 152 

-20 286. 

1149, 

167. 

210.051 

-19191 , 

1079. 

121 , 

215,151 

-IS05S. 

lOOO . 

74. 

220 . 200 

-16930 . 

933. 

41 . 

225.099 

-15S30 . 

SS5 . 

23 . 

230 . 199 

-14690 , 

341 . 

li . 

235.048 

“13607 . 

791 . 

11. 

240. 147 

-12470 , 

727. 

12. 

245. 197 

-11343. 

659. 

0 . 


original page is 

POOR QUALirr 


aso .04& 

-10274 , 

592. 

-6, 

2S5,i4S 

-9142. 

529. 

-11. 

260 ,245 

-3013. 

474. 

-15. 

26S.094 

-6939. 

424, 

-13, 

2?0 .144 

-S813, 

370 . 

-1, 

275.243 

-4681 . 

314. 

11. 

2S0 .092 

-3593 . 

259. 

IS, 

285.192 

-2467. 

197. 

-2. 

239.191 

-1583. 

149. 

-27. 

290 .091 

-1384. 

13S. 

-33. 

291 . 191 

-1141 . 

126. 

“41 , 

292.091 

-942. 

US. 

-48, 

293.191 

-699, 

102. 

-57, 

294,091 

-500 . 

92. 

-64. 

295.190 

-258. 

79, 

-73. 

296.090 

-60 . 

69. 

-30, 

297.190 

182. 

56. 

-S9. 

29S.090 

380 . 

45. 

-94. 

299.190 

622. 

33. 

-99. 

300,090 

820 . 

25. 

-102. 

301.190 

1062. 

16. 

-102. 

302.090 

1260 . 

10 . 

-lOl . 

303.189 

1501 . 

5. 

-99. 

304 .039 

1699. 

2. 

-94 , 

305.189 

1936. 

0 . 

-83, 
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S3 CORRECT RESPONSES rOLLOU 


K/FEET 

-70013.040 
-68357,560 
“67100,440 
-66800,750 
-63210,030 
-57339,340 
-54317.410 
-54266.280 
-50533.230 
“47704.720 
-376S9.S45 
-36321 .315 
“35192, 125 
-S2S14 , 126 
-30212.923 
“27512.360 
“25082.032 
“23695,469 
-204S3.969 
-15729.657 
-14500 , 133 
-12325.117 
-9929.836 
-7625.890 
-6251.277 
-5327 . 676 
-3939.508 
-2854,590 


RESPONSE T4 

1,950 

2.800 

0,850 

1.100 

1.750 

1.750 

1.350 

' 1.300 

1 .300 

0 . 900 

1.550 
I .300 
1 . 100 

1.350 

1 . too 

1.750 

1 .550 
1 .600 

1.750 

1,800 

1.750 
0 .650 
1 .SSQ 

1 .350 

1.800 
I .750 

1 . 350 
0 .900 


33 IHCORRECT RESPONSES FOLLOW! 
X,FEET 

-64947 . 3 
-61422.9 
“59699.7 
“56355.6 
-54561.9 
-S3114 .0 
-52027.2 
-4S745.5 
-46729.0 
-4SS18.7 
“44248.4 
-43264 . 7 
-41S40 . 9 
-40919.0 
-39782.0 
-33371 . 1 
-33897.2 
-S1335. 0 
-29417.3 
-28318.8 
-26852.9 
-25639.9 
-24471.2 
-22154.6 
“21090.9 
-19592.0 
-18946.7 
-17768.4 
-16424.7 
-13462,3 
-11591.8 
-1080S.4 
-8456. 3 
-4530.6 
“1726.4 

“302, 1 
622,0 
1259.7 


POOB QtTALIiY 
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the 15 subjects, segregated by participation level, are shown in 
Figures 3. 2-3, 5; those of tlie nonnalized workload scores are shown 
in Figures 3, 6-3. 9, 

The non-normalized workload scores ranged from 28.6 to 100.0; 
the normalized scores ranged from 0.0 to 100.0. Normalized workload 
scores as a function of the gusts' strength are shorn in Figure 3.10, 
and as a function of tiie participation mode - in Figure 3,11. 

We were also interested in the time-variations in the instant- 
aneous workload levels. To this end, workload data ^vere segregated 
by participation modes; mean scores were extracted at 300-feet 
altitude intervals between the altitudes of 2000 and 500 feet, and 

at 100-feet intervals between 500 feet and touchdown. The results, 

* 

averaged over all pilots, are shown in Figures 3.12 through 3.15. 

A nBasurement of each subject's evaluation of the primary and 
secondary task difficulty was included in our study. The questionnaire 
wliich was used (Appendix C) had four multiple-choice questions 
related to the overall difficuJ.ty of tlie primary task and two questions 
on the difficulty of the secondary task. Points were assigned for 
each answer on a zero-to-ten Cooper rating scale (Figure 3,16) , v/ith 
10 indicating the greatest difficulty (Cooper and Harper, 1969) . 

This was the same type of questionnaire that had been used in a pilot- 
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= 52.1 
= 15.8 
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Fig- 


3.13 Non-Wormalized Workload Score vs- Altitude 
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wor]cload wtudy conducted by Spyker et dl. (1971) . The results are 
shown in Figures 3.17-3.22. 


3.3 Detection Performance 


Detection performance was analyzed in teims of detection-tiire 
and accuracy. Detection-time was defined as ttie elapsed time beta^reen 
the occurrence of a faili.irt. and the verbal report by tlie subject that 
the failure has been detected; the si±)ject also reported the failure- 
axis to insure that he reported a bona-fide failure and not a false 
alarm. Detection- tine results are presented in Figures 3,23-3.25 for 
longitudinal failures and in Figures 3.2S-3.28 for lateral failures. 

Accuracy was measured by tlie fraction of failures that were 
missed altogether. Vfe differentiated between approaches in which a 
failure \^ent unreported but which resulted in a successful touchdown 
or in an error at touchdom wirLch was unrelated to the failure (such 
as excessive bank, following a longitudinal failure) , and approaches 
in which a failure was missed and wliich did not terminate in a 
successful landing because of a gross error in the failed axis. The 
latter are shawn in Table 3.1 and 3.2; tlie numbers iii pcu.-enti-ieses 
represent the fraction of all missed failures, whether or not they 
resulted in a successful landing. 
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1.0 2,0 3,0 4.5 7.5 9-0 10-0 

COOPER RATING 

Fig. 3,17 Subjective Evaluation - 
Question 1 


1.0 2.5 4.0 7,0 8.0 9.0 10.0 

COOPER RATING 

Fig, 3.18 Subjective Evaluation - 
Question 2 



1.0 2.0 4.0 6.0 9.0 10.0 

COOPER RATING 

Fig. 3.19 Subjective Evaluation - 
Question 3 


l.p 2.5 3.5 6.5 7.5 9.0 10.0 

COOPER RATING 


Fig. 3.20 S\±ijective Evaluation ~ 
Question 4 



0*5 1.0 4.0 5.0 8.0 9.0 10.0 


0.5 2.0 6.0 7.0 8.0 9.0 10.0 


COOPER RATING 


COOPER RATING 


Fig. 3-21 Subjective Evaluation - 
Question 5 


Fig. 3,22 Subjective Evaluation 
Question 6 
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Figure 3.27 

Yaw Failure Detection Times at Four 
Participation Modes 
(See Fig. 3.11) 
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Table 3.2 

Fraction of Missed Lateral Failures 

in percent of all lateral failures (in parentheses) 
and in percent of missed alarms resulting in gross 
deviations in failed axis 


Participation 


Monitor 


Control Yaw 


Control Pitch 


Manual Control 


Overall 


Disturbance 

Level 

1 — 1 

2 

3 

0. 

0. 

0. 

25.0 

14.3 

12.5 

(37.5) 

(14.3) 

(37.5) 

0. 

0. 

0. 

14. 3 

0. 

14.3 

(14.3) 


(14,3) 

10. 0 

3.3 

6.7 

(13.3) 

(3.3) 

(13.3) 


Overall 


17.4 

(30.4) 


9.1 

(9.1) 


6.7 

( 10 . 0 ) 















In all, 90 approaches were flown in which a longitudinal failure 


occurred; of these, eight went unieported, six of wMch did not 
terminate in a successful landing. Of the 90 lateral failures pre- 
sented, nine were missed; of these, six did not terminate in a 
successful touchdom. 


3 . 4 Touchdcavns 


Of the 450 approaches flown by the fifteen subjects, 389 
terminated in an atterrpted landing. Go-arounds were initiated in 
59 ipproaches, and data of two approaches (both fully-automatic, 
no-failure cases) were discarded as simulator malfunctions occurred 
during these approaches. 

Figures 3.29 through 3.35 summarize tlie 'couchdown data. When 
the criteria discussed in Section 2.6 were applied to the data, only 
193 landings, or about 50%, were judged as acceptable. These 
criteria are mrked on Figures 3.29-3.35 by arrows. 
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FREQUENCY 


a ==60.3 ai_ 


DISTANCE FROM CENTERLINE, FFET X 10 


Fig. 3.30 Distance Prom Centerline at Tpuchdown 

(Frequency is shown in quantum steps of 3) 



8 


Fig. 


INDICATED AIRSPEED^ KNOTS 


3.31 Indicated Airspeed at Touchdown 

(Frequency is shown in quantum steps of 5) 




BANK ATTITUDE, DEGREES 


Fig. 3.34 Bank Attitude at Touchdown 

(Frequency is shown in quantum steps of 4) 




26 28 30 32 34 36 38 40 42 


HEADING^ DEGREES 


Fig. 3.35 Heading at Touchdown 

(Frequency is shown in quantum steps of 4) 



3,5 Tracking Performance 


As the time-histories of the spatial coordinates of the 
simulated aircraft during each approach were available (Section 3.1)> 
it was possible to oonpute angular root-raean-squaxe vector tracking 
errors. We chose to document tracking performance in angular, rather 
tlian linear, RMS errors as only angular information was available to 
the pilot from the localizer- and glideslope-deviation indicators. 

The data of RMS errors were coitputed betsrjeen the altitudes of 
2000 and 900 feet for the approaches in ;viiich no failure occurred. 

Mien a failure was simulated, RMS errors were oonputed babti?een 2000 
feet and the point of failure occurrence. Cross-track angular RMS 
errors are shown in Figure 3.36 as fractions of a full-scale deviation 
(5°); angular RMS errors in the vertical plane are shewn as fractions 
of a full-scale deviation (1.4°) in Figure 3.37. 


95 





CHAPTER IV 


DISCUSSION 


Various statistical analyses were psrfonned on the data reported 
in Chapter III. The University of California at Trjs Angeles' School of 
Medicine Biomadical Coitputer PijOgrams Package (UCLA B?®) was used- 
extensively in the analysis. Particularly, advantage was taken of the 
following routines: 

1. HyiDOlD, for confutation of nBans, standard deviations and 
standard errors. 

2. BMD05D, for plotting histograms. 

3. BMD02D and H®03D, for confutation of cross-cor relation 
and cxjvariance matrices. 

4. BMDIOV, for analysis of variance and regression analysis. 

Excellent documentation of tlra routines in this package is available 
(Dixon, 1973; also Afifi and Azen, 1972). 
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4.1 W>rkload 


We were cognizant of tlie fact that our.' wojrkload-measuring 
side-task may have caused undesired loading of the sub",ects, and 
hence, tliat the piloting performance results obtained in the workload 
measuraient experiirent and the data obtained in the runs when the 
side-taslc was not present cams from different populations, 'this 
possibility was carefully investigated. It has been shown (Kelley, 
1966) that the most precise piloting performance measure is KMS 
tracking error; consequently, RMS tradcing-error data of the work- 
load measuring ej^riment were conpared with RMS data obtained from 
the failure detection experiment, on approaches in which no failiire 
occur/ Analysis of variance revealed that tlie liypotliesis t^at 
the data represented the same population could not be rejected 
(Table 4.1). It was concluded, therefore, tliat the side- task did 
not cause any significant loading of the pilots and tliat the work- 
load scores ^-ihich were obtained during the workload measurement runs 
\^?ere applicable to the failure detection, no-side- task approaches. 

It seemed clear from Figures 3.10 and 3.11 that the side-task 
scores were sensitive to variations both in the disturbance le^^l and 
in the participation mode. Indeed, analysis of variance under the 
hypotliesis that the effects were additive revealed that the variations 
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Table 4-1 AWOVA of RMS Tracking Errors 


Source 

s . s . 

d.f . 

m. 5 . 

F 

Mean 

45974.99 

1 

45974.99 

459,3* 

Replications 

2791.99 

14 

199.43 

2.0 

Treatments : 





Participation Mode 

4201.48 

3 

1400.49 

14.0* 

Disturbance Level 

6197,88 

1 

6197.88 

61.9* 

Presence or Absence 
of side-task 

318.20 

1 

318.20 

3.2 

Error 

25023.09 

250 

100.09 



* - Significance at the 1% level 
Table 4.2 AKOVA of Normalized Workload Scores 


Source 

s . s . 

d.f. 

m. s. 

F 

Mean 

457561.50 

1 

457561.50 

893.2* 

Replications 

15019.85 

14 

1072.85 

2.1 

Treatments: 





Participation Mode 

79507.92 

3 

26502.64 

51.7* 

Disturbance Level 

3868.10 

2 

1934.05 

3.8 

Error 

i 

81966.42 

160 

512.29 
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in workload scores as a function of participation mode were significant 
at tlie P « 0.01 leve],/ and as a function of the severity of the 
disturbance ™ at the P < 0.05 level (Table 4.2). 

There was^ however, no significant difference bat^jeen workloads 
at tlie two lev; disturbance levels, narrely, calm air and a quartering 
wind of 5 knots, gusting to 15 knots. It was assuired, and it was 
verified by pilots’ coimiants, that the components of the wind normal 
and parallel to the final approach flight-path (3.5 knots gusting to 
10-6 Icnots) were not strong enough to induce workloads significantly 
higher than those induced by piloting the simulated aircraft in calm 
air. Consequently, these two disrurbance levels v;ere coiibined in the 
analysis and the data were treated as if there were only two distinct 
disturbance levels, "low" and "high". 

lin additive model was used in the regression of worltload scores 
on disturbance levels and participation irodes: 

W(P,D) = W. (P) + W„(D) = W,, + W (P) + W,(D) (4.1.a) 

1 2 Op u 

Where w is the workload score 

P is the participation mode 
D is the disturbance level 

Wp and are tlie partial derivatives 3W/9P and 9W/3D, 
respectively 

and Wq is tlie baseline workload score. 
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Using this inDdel, (P) and (D) wars found to ba 


W^(P) 


Vl^iD) 


18.7 

for 

tlie 

36.6 

for 

the 

61.0 

for 

the 

72.9 

for 

the 


0.0 

for 

the 

9.8 

for 

the 


fully-autonatic node 
split-axis y yaw-*inanual node 
split-axis, pitch-maiiual mode 
fully-manual node 


loiv disturbance level 
high disturbance level 


(4.1.b) 


Ihese values yielded workload-participation mode correlation 
significant at P < 0.001 and workload-'disturbance level correlation 
significant at P < 0.05. 


Figures 3.12 through 3.15 reveal tlie asymptotic altitude behavior 
of the pilot's workload: Tlie workload is essentially constant at 
altitudes higher tlian approximately 500 feet, but there is a very 
nnriced increase in tlie workload at lower altitudes. Undoubtedly, this 
increase is at least partially due to the non-linear increase in 
display sensitivity with decreasing distance- to-go. However, this 
increase in pilot workload x^as observed even when the pilot acted as 
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a monitor and the autopilot controlled the aj.rcraft/ which seems to 
indicate the effect of other factors as well; such as, possibly, tlie 
pilot’s irental state arising from his awareness of tlie proximity of 
the ground. It is conceivable that optimal display desigii may reduce 
tlie additional workloads imposed on the pilot as a result of the 
increased display sensitivity; further studies are necessary, ha-/ever, 
to find out whetlier these other factors, if any, are inherent in the 
situation or whetlier a reduction is possible in the pilot’s workload 
during the last phase of a landing approach. 


4.2 Tracking Performance 


Figures 3. 36 and 3.37 shcji-7 the vertical and lateral FMS tracking 
errors, respectively, averaged over all subjects and over all mnd- 
disturbance levels. It is clear that our subjects were capable of 
tracking the ILS glide-path within less than 10% of full-scale GSI 
deflection. Localizer tracking performance was even better, and the 
largest mean MS error is approximately 5% of full-scale GDI deflection. 
The dii Terence between lateral and longitudinal tradcing performance 
may be due partially to the larger size of t course deviation 
indicator instrument, as coirpared to the glide-slope deviation indicator 
and partially to the difference in tlie difficulty of controlling tlie 



simulated aircraft in tlie longitudinal and lateral axes: Longitudinal 
control, requiring the coordination of power and pitch attitude, impose 
on the pilot higher demands than does lateral control. This point is 
further substantiated by the evidence of the higher workload levels 
which are induced by longitudinal control (Figure 3.11). 

We wished to eliminate any learning effects from our experiients . 
To this end, the order of presentation of the experimeirtal treatments 
to each subject was randomized. In addition, each experimental session 
began with a training period designed to bring the subject to a steady- 
state level on the learning curve (Section 2.8). Indeed, an analysis 
of variance of the tracking errors, treating tlie order of piiasentation 
as an independent variable, shoved that the null hypothesis could not 
be rejected (Table 4,3), 


4.3 Detection Performance 


As Tables 3.1 and 3,2 show, about 10% of all failures were not 
reported by the subjects; about 7% were obviously not detected at all, 
as evidenced by the fact that these approaches did not terminate in a 
successful landing because of gross deviations in the failed axis. 
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Table 4.3 


ANOVA of RMS Tracking Errors 


by Order of Presentation 


Source 

s. s . 

d.f . 

m. s. 

F 

Mean 

13649.57 

1 

13649.57 

510.7* 

Replications 

547.72 

14 

39.12 

1.5 

Treatments : 

Participation Mode 

278.56 

3 

92.85 

3.5 

Disturbance Level 

1218.43 

1 

1218.43 

45.6* 

Order of 

presentation 

627.92 

29 

21. 65 

0.8 

Error 

3527.73 

132 

26,73 




A very interesting pattern is obvious from Tables 3.1 and 3.2 
and from Figures 3.23 and 3.26: All failiires in an automatically- 
controlled aid.s \,vere detected in consistently short tines; iDetween 9% 
and 17% of the failures which occurred in a manually-controlled axis 
were not detected at all, and the ones that v/ere required considerably 
longer detection tines. A t-test revealed the difference between the 
nean detection times in the automatic and manual modes to be Mghly 
significant, at the P < 0.001 level. 

Our first hypothesis (Section 2.1) attempted to explain this 
difference in detection performance as being due, in pax't, to the 
increased involvement of tlie pilot in the control task in the manua]. 
mode and, in part, to the increased \rarkload levels associated with 
manual control. We set out, therefore, to sepax"ate the individual 
effects of these factors, participation rrode and disturbance level, 
on the failure detection performance. 

In Figures 4.1 and 4.2, the mean detection times of longitudinal 
and lateral failures, respectively, are plotted as functions of the 
corresponding mean workload levels for the four participation modes. 
The following reiationsliips are evident: 
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DETECTION 



NORMALIZED WORK LOAD 


j_ Fig. 4.2 Mean Detection Times of Lateral Failures 
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1. Etetection times in a manually-controlled axis are significantly 
longer than detection times in an automatically-controlled axis 

(P < 0.001) . 

2. Efetection times for lateral failures are significantly 
longer than detection times for longitudinal failures at coitparable 
^^«^rkload levels (Table 4.4). 

3. Detection times increase in direct relationship to wrlc- 

load = 0.322). 

The apparent similarities between Figures 3.23 and 3.26 and 
Figures 3.36 and 3.37, respectively, suggest an attractive theory' 
to explain the shorter detection times in tlie autcsnatic-control nodes: 

The lower angular EMS errors in the automatic nodes effect higher 
signal-to-noise ratios of tiie displayed tracking error ^idlich, in turn, 
result in better detection performance. 

This hypothesis was tested by analysis of variance of tlie failure 
detection times, witli the angular R^S tradcing errors in tlie failed 
axis as a oovariate (Talkie 4.5), Tlie F-test rejected the h^'pothesis, 
as the RMS errors did not show a significant effect on the failure 
detection times- A linear correlation analysis yielded the same result, 
as the RMS-detection time correlation coefficient fell short of 
significance at tlie P < 0.01 level ~ 0*215). In addition, 

under tlie Si>JR tlieory, the tracking errors on the approaches in wliidi a 
failure was missed altogether should be larger than on other approaches 
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Table 4.4 AMOVA of 
Failure 

Failure Detection 
Axis 

Times by 


source 

■ s. s. d. f . 

m. s. 

F 

Mean 

279457.71 1 

279547.71 

648.2* 

Participation Mode 

10613.87 3 

3537.96 

8.2* 

Disturbance Level 

1601.05 2 

800.53 

1.9 

Failure Axis 

10017.42 1 

10017.42 

2 3.2* 

Error 

67258.33 156 

431.14 



Table 4.5 AWOVA of 

Failure Detection 

Times 


with RMS 

as Co^^arlate 




source 

s.s. 

d.f . 

m-s . 

F 

Mean 

110966.97 

1 

110966.97 

314.6* 

Participation Mode 

13556.86 

1 

13556.86 

38.4* 

Failure Axis 

10298.17 

1 

10298.17 

29. 2« 

Mode X Axis 

1053.07 

1 

1053.07 

2.9 

RMS 

100.91 

1 

100.91 

0.3 

Error 

50785.94 

144 

352.68 


■ 

no 






mth coitparable participation and disturbance conditions. A paired- 
difference Student-t test;, however failed to leveal any diffearence. 
Consequently, KMS tracking eiarors were excluded frcm further consid- 
eration and the failure detection performance was assumed to be a 
function of the control mode, of the failed axis and of the ^■rorkload 
level, but not a function of tlie PIVB tracking error. 


A disparity is ob\dous, however, between Figures 4.1 and 4.2. 

The longitudinal failure detection data, shown in Figure 4-1 seem 
to suggest that tlie increased detection tirtK:s in the manual control 
modes and are due mainly to the associated increase in \i?orkload 
and that, had the subjects operated at a constant workload level 
(that is , along a line normal to the abscissa) , their detection perfor- 
mance would have, in fact, inproved in the manual control modes, 
conpared to the autcsiiatic control modes. 


The lateral failure detection data of Figure 4.2, on the other 
hand, exhibit a very different behavior. Tliey ixtply tliat the dominant 
factor in detection performance is the control mode, not tiie workload 
(as suggested by Figure 4.1) ; furthemore, there seems to be an inherent 
contradiction in tlie data, as they indicate that, assuming that the 
extrapolation is valid, the detection performance at a constant '^irork- 
load would be better in a fully automatic nrx3e (P^^) tlian in the yaw - 
manual split-axis mode (P 2 ) , but not as good as in the fully-manual (P^) 
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control mode. 



It should be noted that both Figure 4.1 and Figure 4.2 are 
plots of two dependent variables, as tlie workload level controlled 
in the experiment only indirectly. Consequently, there were iiKasurenent 
errors in both coordinates and therefore, the slopes of the straight 
lines in Figures 4.1 and 4.2 could, in reality, be quite different 
tlian those shown; one possibility is plotted in Figure 4.3. Our 
statistical tests (t and r) did not have sufficn ant paver to reject 
either possibility with any degree of confidence. 

To resolve the ambiguity, we assumed tliat tlie faibrre detection 
nechanism of the human operator acts similarly in both lateral and 
longitudinal axes; any difference in performance between these axes 
is due to differences in the plant dynamics and in display variables 
only, not to differences in processes inte30ial to the operator. 

This assuitption of equivalence between the lateral and longitudinal 
axes has beerx made, either explicitly or irplicitly, by many inves- 
tigators. It is based on the theory that the human operator behaves 
optimally with respect to his task icf, Smallwood, 1967) in all axes, 
and that tlie operator adjusts his describing function to match the task 
{Young, 1969) . 

Longitudinal and lateral failure data were thus pcnled; 



DETECTION 



detection times were regressed on the type of failure (longitudinal 
or lateral) and on the control node in the failed axis^ with the ^ ork- 
load index as a covariate , based on the following additive model: 

^ + a (control mode) + 3 (failed axis) + y (workload) (4.2a) 

detection u 

A solution was obtained for the regression coefficients a, 3 and y: 


T , ^ . = 20.9 + 16. 5M + 15. 4A + 0.101-®. (4.2b) 

detection — ~ 


1 if the failed axis is controlled manually 

where M = 

0 otherwise 

1 if the failure occurs in the lateral axis 

A = 


0 if the failure occurs in the longitudinal cixis 
WL = the normalized \%t)rkload index 


and Tj . . . is measured in seconds, 

detection 


The relationship is plotted in Figures 4.4 end 4.5 for longi- 
tudinal and lateral failures, respectively. Mean detection times at 
tlie corresponding niean workload levels are also shown for ccsiparison. 
The model correlates well with tlie data, with = 0.531, signifi- 

cant at the P << 0-001 level. 
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NORMALIZED WORK LOAD 

l_ Fig. 4.4 Additive Model, Longitudinal Failures J 





4.4 Touchdowns 


As mentioned in Section 3.4, 389 of the 450 approaches flown 
tenninated in attenpted landings, 59 terminated in a missed approach 
and two were discarded because of equipnent nalfunctions , The breakdown 
of landings and go-arounds by failure type is shown in Table 4.6. 

When the "acceptable landing" criteria (Section 2.6) were 
applied to the data, 193 landings weire considered successful and 196 
(or approximately 50%) were judged unsuccessful. Of tliese, 106 were 
rejected because of an excessive deviation in any one parameter, 61 
were rejected because of excessive deviations in two parameters 
simultaneously, twenty“two - in three parameters, six - in four 
parameters and one attenpted landing was rejected because of simul- 
taneous deviations in five of tlie seven paraneters. Tables 4.7, 4.8 
and 4,9 summarise the touchdown performance a function of the 
manually-controlled axis and the presence or absence of flight-director 
information {see also Table 2.2). 

It seems clear from Tables 4. 7-4,9 that tlie landing performance 
was quite poor lander all but fully automatic conditions. Longitudinal 
control presented a more severe problem to the pilot, as evidenced by 

i 

the difference in the percentage of successfxol landings whicli is 
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Table 4 . 6 Brealcdown of Landings by Failure Conditions 




FAILED AXIS 


TOTAL 


4 .* 

none" 

PITCH 

YAW 


ATTEMPTED LANDINGS 

257 

68 

64 

389 

GO-AROUNDS 

11 

22 

26 

59 

TOTAL 

268 

90 

90 

448 


<1^ 

"including 178 workload-measurement runs in which no failures 
were presented and go-arounds were not permitted (see Section 2.8.2) 


Table 4 . 7 Touchdown Performance , Pitch Manual 


PERCENT 

OF LANDINGS^ 

PARAMETER 

OUT 

OF TOLERANCE 

SUCCESSFUL 

X 

Y 

SPEED 

SINKRATE 

PITCH 

BANK 

HEADING 

(ATTEMPTS) 

WITH FLIGHT-DIRECTOR 22.0 

17.7 

46.2 

31,7 

6,4 

4.3 

0.5 

27.4 (186) 

WITHOUT FLIGHT-DIRECTC 24.2 

9,1 

48.5 

42.4 

6.1 

3.0 

0. 

21. 2( 33) 

TOTAL 22.4 

16.4 

46.6 

33.3 

6.4 

4.1 

0.5 

26.5(219) 


See Table 2.2 



Table 4.8 Totichdovm Performance, Yaw Manual 



PERCENT OF 

LANDINGS, PARAMETER OUT OF 

TOLERANCE 

SUCCESSFUL 

- 

X 

Y 

SPEED 

SINKRATE PITCH 

BANK 

HEADING 

(ATTEMPTS!) 

WITH FLIGHT-DIRECTOR 

11.9 

24.3 

27.5 

22.8 3.1 

8.8 

2.6 

43.0(193) 

WITHOUT flight-director" 0. 

51.7 

17. 2 

6.9 6,9 

0. 

3.4 

37-9( 29) 

TOTAL 

10.4 

27.9 

26.1 

20.7 3.6 

7.7 

2.7 

42.3(222) 

" See Table 2 . 2 

Table 4.9 

Touchdown 

PERCENT 

Performance, 
OF LANDINGS, 

Split"Axis Control 
PARAMETER OUT OF TOLERANCE 

SUCCESSFUL 


X 

Y 

SPEED 

SINKRATE PITCH 

BANK 

HEADING 

(ATTEMPTS) 

LATERAL 

0. 

24.5 

0. 

0. 0. 

7.5 

4.7 

67.0(106) 

LONGITUDINAL 

27.2 

0. 

42.7 

26.2 5.8 

0. 

0. 

34.0(103) 

MANUAL CONTROL, 
ALL AXES 

22,4 

31.0 

47,4 

39.7 5.2 

7.8 

0.9 

19.8(116) 



significant at the P < 0.01 level. Table 4. 9 separates the effects 
of manual control in the yaw and the pitch axes. 

We cannot ascertain from the available data whetlier the poor 
landing performance was due to insufficient information presented 
by the displays, overloading of the pilot in the final stages of the 
landing, deficiencies in the simulation or some other causes. Soms of 
our subjects executed consistently good landings, which seeded to 
indicate that the simulator could be landed successfully; some 
subjects, experienced pilots as tliey were, did not, however. Furtlier 
study of the factors affecting pilots* perforaance in the final 
phases of tlie approach and during the flare maneuver is clearly 
necessary. 


4.5 Applicability of the Results 

We wished our findings to be applicable to the general population 
of pilots who fly lav-visibility approaches in canmarcial jet transport 
aircraft. Great care was talcen, therefore, in designing the experiments, 
in the developnent of the simulator system and in the selection of 
subjects. These mil be discussed in the following sections. 
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4.5.1 Exferiirental Etesign 

*Ehe research consisted of two factorial experiirents, a 4 x 3 
workload neasuren^t test and a 4 x 3 x 3 failure detection experinent. 
Two full-rank factorial experiirents would have resulted in a total of 
4x3 + 4x3x3 - 48 treatnents per subject. This number ms considered 
to be unrealistically large and^ consequently, some high level inter- 
actions were partially confounded in the failure detection experiment; 
Each subject was presented only 18 of tlie 36 treatments, resulting in 
a total of 30 ej^rimental treatments per subject. The particular 
treatments were assigned to individual subjects in a way that resulted 
in each pair of subjects being presented all the experiirental treat- 
rrents and thus each pair of subjects represented one experimental 
block. 


We wished to estimate tlie accuracy of the significant differences 
found in these experiments. Following standard procedures (Cochran and 
Cox, 1968, pp. 17-23) the a posteriori probability of significant 
differences being detected was calculated for the worst case, namely, 
the difference in detection tuies between the lateral and longitudinal 
axes. This case ms considered mrst as the itean difference (15.4 
seconds or 37.04% of the mean detection time) and the nun±)er of rep- 
lications (45) were the smallest. 
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The probability P \-/as calculated by [ibid , ) : 


^2 (1-P) 


6 


,2,35 
{-) a 
r' 



where t 
6 


a 

r 


- Student's random variable 

- msan of the detected difference 

- standar d error per unit 

- number of replications 


and P^ ' level of significance 


(4.3) 


From the analysis of variance of failure-detection tines, the 
following values were obtained: 

6 == 37.04% 


a = 49.98% with 156 d.f . 

letting, for this "worst case" confutation, - 0.05 one has, for 


156 d.f.. 


■“^O. 05,(^156 " ^0.05 

hence 


1-95996 


Z,,, ^ - 1.95996 = 1.5537 (4.4a) 

(^)'"( 49 . 98 ) 

or 

2(1-P) - 0.125 P = 93.7% (4.4b) 
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That is, the probability of a true difference being detected as a 
significant difference is quite high, and the number of replicates in 
the ej^jerimant was sufficient for the accuracy sought. 

4 . 5.2 S.ijnulator System 

The simulator was intended to resemble a large transport jet 
aircraft in the final approach flight envelope. The actual flight 
paran^ters of a DC-8 vjei'e initially used and later modified, following 
a series of flight tests by an experienced Boeing-707 instructor 
captain. The fJlght tests included adjustment, vjith the aid of a 
stop-watch, of the simulated aircraft's tlirottle and control responses 
and of the effects of tlie flaps, landing gear and speed brakes. 

A subjective evaluation was solicited of the pilots vjho flew 
the simulated aircraft (Appendix C and Figi.ires 3.17-3.20), According 
to tills evaluation, the simulated aircraft was rated as corresponding 
to 4.0 points on the Cooper-Harper rating scale (Cooper and Harper, 
1969, p. 12). This rating represents an aircraft in wliich adequate 
performance is attainable witli tolerable pilot workload but iirhich has 
some annoying deficiencies. It should be kept in mind that tlie 
pilots evaluated the total aircraft system, including the intentionally 
simulated failures. 

Due to tedinical and economic limitations, we used a fixed-base, 
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or static, simoLator in this research. The case for the inportance 
of notion cues in flight siznulations has been made by many investi- 
gators (c/. Gibino, 1968; Jacobs et al. , 1973) . Our main purpose in 
this research, however, was to document the pilot's failure detection 
performance. The simulated failures were very subtle and it is our 
belief that motion cues would not have aided the pilot in the 
detection task^ especially in the presence of the noise introduced 
by turbulence and wind gusts, vv’hidi are quite common during a bad- 
v;eather approach. 

4.5.3 Subjects 

Ml r. the fifteen subjects who participated in the formal 
experiment were professional pilots from two major domestic ai.r lines 
who were highly motivated, enthusiastic and intelligent. Ml but 
four flew jet transport aircraft regularly; the four who did not 
(one pilot who flew turbo-prop transport aircraft, two second 
officers and one retired captain) did not reveal any difference in 
performance (RMS tracking errors, workload scores, touchdown per- 
formance and failure detection timss) when coitpared to the other 
pilots. We are convinced that our subjects were a representative 
sample of the popu3.ation of airline pilots. 
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CHAPTER V 


SUMMARY AND CONCLUSIONS 


5«1 Sunmary 

In the last decade, a great deal of thought lias been given 
to Category III landings and their iirplications. One area of intensive 
investigation centers around the role of the cres?; during tlie approach. 
Current thought is polarized around two extremes; 

1. The crew is in tlie control loop and flies the aircraft in 
accordance witli instrument-generated steering signals. 

2. Steering signals are coupled directly into tlie autopilot, 
v/ith tile crew monitoring the system. 

It is axiomatic that a pilot should be capable of detecting 
a: . Identifying failures in the landing guidance system accurately, 
reliably and with ininimal time delay. Hie purpose of this research 
was tlie study of ti^e pilot's short-term decisions regarding performance 
assessnent and failure monitoring. We wished to investigate the 
relationship between the pilot’s ability to detect failures, his 
degree of participation in the control task and his overall workload 
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level, AlsO;- we wished our findings to be applicable to the general 
population of pilots v(iio fly loiv-visibility approaches in ccanmercial 
jet transport aircraft. 

Itp this end, this research consisted of an experiinental 
investigation which was carried out in a static ground siinulator. 
Fifteen airline pilots flew 2 ero-visibility landing approaches with 
different degrees of automation and at different workload levels 
which were induced by simulated wind distiirbances , The pilots' 
ability to detect failures and to provide a reliable manual back- 
up capability was monitored and recorded. 

The data were analysed to identify statistically significant 
relationsMps among the experimental treatments and the factors which 
produced the optimal performance were sought. 

Two hiTJotheses were tested in this research: 

1. Both tile participation mode of the operator in the control 
task and his overall workload level affect his information processing 
capability. The effects, then, of the operator's participation mode 
and \i7orkload level on his failure detection performance are additive. 
Manual tracking will result in longer detection times than will 
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monitoring a coupled, automatic approach, and Iiigher workloads 
will effect longer detection times than will low workload levels. 

2. As the flight instruments display angular, rather than 
linear, deviat‘>.ons from the localizer course and from the glide- 
path, they increase in sensitivity as distance to touchdown decreases. 
In addition, the penalty'’ for error increases with increased proximity 
to the ground. Additional processing demands aare therefore placed 
on the pilot and hence his workload increases in inverse relationship 
to altitude or to distance-to-go. 

To neasure the pilot's workload, a "waming-lighf-type 
subsidiary task v;as selected for this research. It consisted of two 
small led lights mounted above each other outside the subject's 
peripheral vision field, and a rocker thumb switch nounted on the 
left horn of the control yoke. The lights provided the stimuli. 

During the run tlie upper or lower light, with equal probability, 
was lit at a random time for a naximum of tx^?o seconds. A correct 
response by the subject to this stimulus consisted of turning the 
light off by a proper notion of the rocker thumb switch. Tlie subject's 
responses were processed and converted into a workload index. 

For the puirpose of this research, a simulator capability 


127 



including a digital graphics ccnputer and a fixed-base cockpit 
simulator has been developed. An integrated-cue flight director 
^stem has been designed for tlie simulator. Also, a teJo-axis auto- 
pilot has been incorporated into tlie simulati .'u wMch is capable 
of flying ILS-coupled approaches, in either axis or in botli axes, 
to touchdo\\fn- We also had the capability to add wind disturbances 
to the simulation to induce different workload levels. Ihs simulation 
did not include any displays of a mods progress annunciator, movable 
bugs or a fault annunciator panel, nor wem there any warning flags. 

Tile experimental variables to be investigated in this study 
were tlie pilot's participation node in the piloting task, the work- 
load induced by tlie control dynamics and by external disturbances, 
and the pilot's failure detection performance. Ihe ej^serinent 
involved four levels of participation: 

1. Passive monitoring. 

2. Split axis, yav7 manual. 

3. Split axis, pitch manual. 

4. Full manual control. 

Tliree failure conditions were used: 

1. No failure . 

2. Failure in tlie yaw axis. In this condition tlie autopilot, 
if coupled, or the flight director would steer the aircraft away from 


128 



the localizer course. 

3. Failure in the pitch axiS/ similar in nature to a failure 
in the yaw axis. 

In addition there were three levels of wind disturbances. 

The effects nf the level of participation and of the wind 
diturbance on tlie pilot's workload investigated in a full-rank 

4x3 factorial ej^rinent. The effects of the level of parvicipation 
and of the wind disturbance on the pilot’s failure detection perfoi>- 
mance were investigated in a separate 4 x 3 x 3/ partially-confounded 
factorial experiii^nt. The ”no failure" condition \ms incorporated in 
the design so tliat the subjects would not anticipate a failure on 
each and every approach. 

Tlie following results were obtained: 

1. The workload scores v^ere sensitive to both participation 
node and the presence of wind disturbances. 

2. There v/as a very marked increase in workload srr-i'cs at 
altitudes below 500 feet AGL, which ^■ras inversely related to distance- 
to-go. This increase was observed even in fully automatic approaches, 
which seems to indicate the effects, possibly, of the pilot’s nental 
state arising from his awareness of the proximity of the ground, and, 
therefore, that a significant reduction in tlie pilot's workload at 
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low altituctes cannot bs achieved by inproved display design alone. 

3. Detection times in a man-ually-oontrolled axis were 
significantly longer than detection times ir. an automatically- 
controlled axis. 

Detection times for lateral failures were significantly 
longer than detection tiaoG for longitudinal failures at comparable 
workload ;ievels. Oliis result can possibly be attributed to sone 
combination of the following factors: 

a. A lateral failure^ as simulated in our experiment, 
j:esulted in a one-dot deviation in approximately 100 seconds, while 

a longitudinal failure required only about 30 seconds to cause a one- 
dot deviation. Ihe reasons for this are the differences in the 
dynamics of the simulated aircraft in tlie lateral and longitudinal 
axes and the larger linear distance represented by a one-dot lateral 
deviation {1.25®), conpared to tlie distance represented by a one-dot 
longitudinal deviation (0.35°), 

b. As the lowest altitude at wliich a failure was presented 
was 800 feet AGL, which corresponds to a distance of over 2 miles from 
the runway threshold, the pilots may have assigned, in that phase of 
the approach, a Mgher priority to vertical positioning of the simulated 
aircraft tl an to runway centerline alignment; consequently, they may 
have been m'jre sensitive to excursions of the glide-slope deviation 
indicator. 
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c. Boidi position and rate infornation are directly 
available to the pilot in the vertical plane by means of the GSI 
and the vertical speed indicator, respectively. Lateral rate infor- 
mation, on the other hand, is available only indirectly by n^ans of 
the heading displayed on the HSI; furthermore, this information is 
contaminated by extraneous inputs, such as lateral drift due to the 
wind. Ilie ready availability' of vertical rate irfonration, which 
relieves the pilot of the need to generate a large phase lead, may 
be responsible, in part, for the better failure detection performance 
in the longitudinal axis. 

5. Detection tines increased in direct relationshi.p to work- 
load; 


T, ^ = 20,9 + 16. 5M + 15. 4A + O.lOV'JL 

detection — -- 


1 if the failed sixis is controlled manually 

where M = 

0 otlierwise 

1 if tlie failure occurs in the lateral axis 

A = 

0 if tile failure occurs in the longitudinal axis 

~ normalized workload index 

and Tj . . . is measured in seconds, 

detection 

Tlie model correlated with the data at tlie P « 0.001 level of 
significance. 

6. Finally, tlie touchdcwn parfoimaiice was poor under all 
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conditions, mtli the exception of tlie fally-autoinatic, no-failure " V- 
case. Of the atten^ted landings, 67% were acceptable under the split- 
axis, yaw-manual mode of control; 34% were acceptable in the aplit-axis, 
pitch-manual mode and only 19.8% of the attempted landings were 
successful on fully-manual approaches. Tfe could not ascertain from 
the available data whether tlie poor landing performance was due to 
insufficient information presented by the displays, overloading of 
the pilot, ii'j the final stages of the landing, deficiencies in the 
simulat-r ’ sonie other causes. 


5 . 2 Conclusions 


Our goal in this research was to identify the participation 
mode and workload level vhich optimize the pilot’s failure-detection 
performance. For the failures considered here the results suggest that 
a coupled, fully-autoraatic landing with the lowest possible x^?orkload 
is called for in Category III operations, with the crew monitoring 
the progress of tlie landing via a cockpit display. Furthermore, as 
nanual touclidoion performance with the simulated conventional flight 
instrunents was unacceptable by commercial operational standards, a 
failure in the automatic landing system may have to be followed by 
the initiation of a mandatory missed approach and a diversion to a 

i 

better visibility alternate field, unless the required progress is 
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inade in display design and tedtnology to radically inprove nanual 
touchda-ai performance. 

The detection times for pitch failures in a fully-automatic 
mode ranged in our e>qperiments fran 7 seconds to 5S seconds ^ witli 
a mean of approximately 24 seconds. Yaw failiues detection tines 
under the same conciitions “ tiiat is, a fully-autcmatic approach - 
ranged from 17 seconds to 52 seconds^ with a mean of approximately 
35 seconds. Assximing a rate of descent of 10 feet per second on the 
final approach, our data suggest tiiat below Category I decision 
height a failure of tlie automatic landing system (as simulated in 
our study) may not be detected at all or, at least, it may not be 
detected in time to allow safe initiation of a missed approach. 
Performance monitors and fault annunciator panels may alleviate the 
problem somewhat and shorten detection times. They are inadeqpjate 
at altitudes belCT'j 100 feet, however (Vreuls et at., 1968a); also, 
tliey are not infallible, and additional warning lights and buzzers 
in the codcpit provide only more opportunities for malfunctions and 
for crew confusion. 

One possible answer to the diletima may lie in tlie Independent 
Landing Jybnitor concept. The monitor is corpletely independent of 
tile guidance system and of current landing aids, tlius reducing tlie 
probability of simultaneous failures. It presents to tiie crew a 
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perspective life-lUce synthesised analog display of the runway 
environment, enabling tlie pilot to monitor the performance of the 
automatic landing system or to fly tlie aircraft manually, following 
an autopilot failure, by reference to artificial visual cues. One 
proposed IIM system (Parks and Tubb, 1970) xvas based on microwave 
transmitters or radio reflectors installed along the runway edges. 
The display, when augmented with aiding symbology {of. Van Houtte, 
1970) may lead to safe Category III operations. 


5.3 Recommendations for Further Research 


A very marked increase in workload scores at altitudes below 
500 feet has been observed, even on fully-automatic approaches- As 
the pilot’s failure detection j:erformance was showi to be inversely 
related to Ms v;orkload, tMs phenoitenon should be carefully inves- 
tigated and its causes identified; an effort should be made to reduce 
the flying pilot’s workload during tlie final phases of the approach, 
eitlier through display design or by crew task allocation. 

Ihe pilot's failure-detection performance should be investigated 
at a constant workload level, to validate our findings. An invariant 
workload level across participation nodes can be induced, possibly, by 
a cross-adaptive concomitant loading task. 
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In our ef^jerimsnts tlie failure detection performance in tlie 
longitudinal axis was significantly better than in the lateral axis. 

One possible explanation of this result (see Section 5.1) is the 
availability of explicit rate information in the longitudinal axis. 

This hypothesis should be tested and, if wrified, the findings should 
be applied to the design of the lateral deviation instruments. 

As stated in Sections 3.3 and 4.3 all missed alarms occurred 
in manually-controlled axes; no failures were missed when the failed 
axis was under automatic control. An attenpt to explain this result 
by variations in the signal“to-noise ratio of the displayed tracking 
error failed, as the RMS tracking errors on approaches v\hich resulted 
in missed alarms were not statistically different frcm the tracking 
errors on other approaches under coirparable experimental conditions. 

Other possible explanations of the difference in missed alarm performance 
between manually- and autanatically-controlled axes may be: 

1. As detection times in manually-controlled axes were longer 
than detection tinBS in automatically-controlled axes, there was a 
iiigher probability when the failed axis was controlled manually that 
the ^proach would terminate (at touchdavn) prior to detection. This 
e^lanation. leaves sonething to be desired as it does not address the 
question of the basic cause of the difference in detection performance 
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bstween manually- and autcmaticaily-contxolled axes. 

2. When faced with simultaneous demands for monitoring and 
control the pilot iTiay divide his attention between tlie two tasks. 
Under such "single channel" theory the fraction of attention allotted 
to one of these tasks is not available to the other (even though the 
pilot derives the information for both tasks from the same set of 
displays ) , thus resulting in a better failure detection performance 
when ai: axis is monitored by the pilot (and controlled automatically) 
as conpared to simultaneous monitoring and control. 

Further study is clearly necessary to effect a better under- 
standing of the causes of the reported missed-alaxm performance and 
their innplications in the context of low-visibility landings. 

Finally, the behavior of the pilot during the last phases of 
the approach is not well understood. Factors affecting the pilot's 
touchdov-m. perforneince should be stiidied and his information require- 
nents and processing mechanisms identified, as a prerequisite to 
pilot-aircx'aft interface design; the design must be optimized if 
future Category' III operations are to maintain the excellent safety 
record of ccsnmercial aviation. 
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APPENDIX A 


SIMULATOR DYNAMICS 


A.l Equations of Motion 

In order to describe fully the notion of a rigid airplane, 
three frames of reference were used. They were the body-fixed frame 
of reference and the cartesian axes C/ h end ^ assoc .ated vh-tli it; 
the so-called wind frame of reference and the spherical coordinates 
1 ^^, Y ijj associated with it; and the inertial earth-fixed frame 
of reference and tlie cartesian coordinates X, Y and Z associated 
witli it. 

A. 1.1 Body-Fixed Frane 

In the body-fixed frame of reference ^ is the longitudinal 
axis of the airplane, positive forward; n is tlie pitch axis, positive 
to the right; and C is the yaw axis, positive down., thus completing 
a right-handed orthogonal triad. 

In this coordinate system, assuming small angular rates, one 

has: 
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(A.1) 


P = 

g = m/I^ (A. 2) 

f = n/I^ (A. 3) 


where 


and 


pf q and r are -die angular velocities around the n and ^ 
axes, respectively,^ 

m and n are the moments 

I and are the principal inomsnts of inertia. 

? n i; 


A. 1.2 Iiocal-Wind Spherical Coordinates 

In the local-wind frane of reference is along the velocity 
vector V, y is the angle, in a veartical plane, between and the 
local horizontal, positive ijpward; and i|j is the heading azimuth 
angle of the velocity vector, H^asured clockwise f 2 X)m the north. 

Hie relationsiiip Jietween the body-fixed and ^vind franes is shewn 
in Figure A.I. Transforming vectors from the body-fiocsd coordinate 
system to the spherical wind coordinates, one has {Miele, 1962) : 

6t = g cos3 - p sin3 - y cos<{> - cosy sintj) (A. 4) 

» • * 

3 = i|j(Gosy cos^ cosa - siny sina) - y sinijs oosa - r (A. 5} 
“ P C50s 3 cosa + g sin3 oosa - y sina - ij; siny (A- 6) 
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\*aiile the eqiiations of mot,ton in tlie wind coordinates are 


• 9 

V = (T COS0 cosa - D - L sina - W siny) 
w 

• g . , 

^ = — — (-T sing C 30 S* cosct + L shk})) 

^ W V cosy 

y = { (T sina cosg + L cosa)cos(j3 - W cosy} 

and 

0 = (a + y)cos(f) + gsint{) 


(A. 7) 
(A. 8) 
(A. 9) 


(A. 10) 


where a - angle of attack 
3 - side-slip angle 
c[) - bank angle 
0 - pitch angle 

g “ gravitational acceleration 
W - aircraft weight 
T - thrust 
Ii - lift 
D ” drag 

Equations A.l through A. 9 were developed under the following assuirp- 
tions : 

Tne aircraft has a left-right syinrretry. 
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1 . 



2. 2ill engines produce equal tiirust, and the resultant thrust 
axis coincides vri-th the aircraft's longitudinal axis. 

3. Ml rates of rotation, are small and hence, all products 
of inertia are negligible. 

4. Fuselage side forces and secondary forces produced by 
air hitting tlie jet intakes at an angle to the thrust axis are 
negligible. 

5. Effects of curvatxare of the flight path due to motion 
about the earth are negligible. 


A. 1.3 Aerodynamic Forces and Man^nts 

fhe aerodynamic lift and drag forces appearing in Equations 
A.l through A. 9 were defined as follows: 


L = |pSC^V^ 


D = 


(A. 11) 
(A, 12) 


where p - densil^ of air 
S " wing area 

" coefficients of lift and drag, respectively 
As this model was neant for use in final approach studies p 
was assuaed to remain constant at 0.0023 Xb.secVfb'*. The lift- 
curve of the wing vras assumed to be piece-xvise linear witli the 
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angle of attack (see Figure A. 2) and oonsequently, a luitpad coeffi- 
cient of lift 



C£ = ^S9C^/9a (A. 13) 

and a lunped coefficient of drag 

eg = ^S3C^/3ct (A. 14) 


were introduced. The final relationships for the lift and drag forces 
were tlien 


ejav^ 

0 < a £ 23° 


(C*)c4=23 ^ 28 ° - a)v^ 
5 

23*^ < a < 27° 

(A. 15) 

0 

27°< a 


egaV^ 


(A. 16) 


The ItETped coefficient of lift was a function of flaps position 





The lunped cx3efficient of drag was a func±ion of flaps position, 
landing gear position and speed brake position 

C* = c* +C*F + C*G + C*S (A.18) 

^ s 


In addition, ground effect was included in the irodel, obeying the 
relationship 


Cf, = C*(l + 



(A. 19) 


where h is the altitude and k , k, and ki are constant coefficients. 

9 h h 

The aerodynamic moments SL, mand n were coiputed by passing the 
appropriate control deflections through a simple gain 

m = k 0 ^ (L cosa cost}) - w cosy) (A. 21) 

me 

(taking into account pitdiing monmts caused by lift and by the 
fact that the center of gravity is located forward of the aero- 
dynamic center) 
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(including a yaw damper in the model) . 

In Equations A. 20 - A. 22, 0^, and are the roll, pitch and 

yaw coimnands, respectively, and Pj^, k^ and k^^^ are 

constants . 

As a first approxiniation, the parameters of a DC- 8 were used 
in tlie ecfuations of motion (Taper, 1969) . The various paraireters 
^’ere later refined follc^jing a series of flight tests by an AriBrican 
Airlines senior instnactor captain with considerable Boeing 707-123 
experience. The actual values can be found in Section A. 5, 

A. 1.4 Earth“Fixed Frame 

The origin of the eaj"th-fixed coordinates for the model was 
set at the glide-slope touchdown point of runway 4R at Logan Airport 
in Boston. In tliis frane of reference X lies along the runway center- 
line, positive tabard tlie far end of the runway; Y is normal to it 
in the horizontal plane, positive to the right; and Z is normal to 
both X and Y, positive up, tlius coirpleting a left-handed orthogonaJ. 
triad. The earth-fixod coordinates are shown in Figure A. 3 together 
v/ith various landmarks and navigation aids. 

The geomatry of tlie runway environnent is defined, in this 
coordinate system, by: 
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Localizer anteama is at X = 7500 feet, Y = 0 
Runway tliresbold is at X = -1153 feet 
Middle marker is at X = -4800 feet, Y = 0 
Outer marker is X = -5,49 n.m., Y = 0 
Boston VOR is at X = -250 feet, Y = 4200 feet 
Glideslope beam originates at X - 0, and the glide-slope angle 
is 3.03°. 

All approaches began at X = -12 n.m., Y = -1 n.m. :-Md Z = 2500 
feet, at aircraft heading and course of 65°. This course resulted in 
localizer interception angle of 30° at approximately 11 n.m. fron the 
runway threshold, well beyond the outer marker. 

By sinple transformation of the spherical wind axes one obtains 
tlie kinematic equations of motion of the airplane’s center of gravity 
in the earth-fixed axes; 

Z = V siny 

X = V COSY cos ((p- 35°) 

Y = V cosy sin {’4.?- 35°) 

For tlie purpose of vari.ous measurements during tlie approach (see 
Section 2.6) an X -coordinate, distance frcm tlie runway tlireshold. 


(A. 23) 
(A, 24) 
(A. 25) 
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was introduced and defined by 

= X + 1153 feet (A. 26) 

A. 2 Wind Disturbances 

Both horizontal and vertical disturbances were modelled as 
random wind gusts. A random numbers generator was incorporated in 
tlie ccEEiputer program as follows: 

Define 

X’ T - (7701 x' + 3927) rrod (10000) x' = 7129 (A.27) 

n+1 n o 

to obtain a pseudo-random number in the range 0 £ x^ < 10000 with the 
probability distribution shown in Figure A. 4. 

Define 

A x' , 

\ = (lO^ - f lOOM (^- 28 ) 

to obtain a random number in tlie range -P £ x^ < P with the square 
probability distribution shown in Figure A. 5. 
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since, for a square distribution, 

{2P)Vi2 

A 

P = 0^2 (A.29) 

, The gust segi-ience T-ras obtained from the random sequence 
by passing it through a first-order filter G (s) r 


G{s) = l/{s + (iK) 


{A. 30) 


The output of the filter was sanpled by the program at intervals of 
T seconds (the program's update rate) , to obtain the gust sequence 


Vl 


-W.T 

e ^ y + Tx , T 
-'n n+1 


y = 0 (A, 31) 

*'o 


Hence, the gust sequence has the following statistics: 


y - T X 


‘n 


n 


but X = 0 
n 


y = 0 

•^n 


or 


-2co.T 

0^ - B ^ + T 0^ 

y y X 


X 


-2(t).T 

(1 - e 


(A. 32} 
{A *33) 

(A. 34) 
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It was desired that the wind giasts should not exceed some preset 

maximum value 99.75% of the time (which, for normal distributions, 

corresponds to 3tT ) . Therefore , a = V Jh and 
^ y ' y max^ 


V "2w.T , 

Oj, = (I - e ^ )^/T 




“2w.T 




V 


T 

-2w.T 


max ,1 - e 

“ V -5 


T 




(A. 35) 


(A. 36) 


The use of the normal distribution property is justified as tlie 
output of a linear filter has approximately normal statistics. 

To summarize: 

1. A randan sequence was generated 

x' + 3927)mod (10000) x' = 7129 

n+x n o 

2. A modified sequence \^as defined 

x' 2V. , 

„ _ ; n 1. max.l - e 

n -10000 ” 2^ T ^ 3 ^ 

where “ tlis desired maximal gust velocity 

-- the gusts* cutoff frequency r set at ir/6 rad/sec 
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and T -• the program's update rate, ~0,2 seconds. 


3. The sequence was passed through a filter G{s) 


G(s) “ 


1 

Cs + to^) 


to obtain the random wind gusts. 

4. As a final step, a steady (constant) wind was superimposed 
on the gusts. 

In a series of tests the actual mean and standard deviation of 
the generated gusts were found to be witliin less than 1.2% of tlie 
predicted values, even when as few as 150 sanple points were used, 
and t- and F-tests could not reject the hypotheses that the actual 
stati.stics of the gusts were equivalent to the predicted ones. A 
typical time-history of the gusts over 200 seconds is slTcu-m in 
Figure A. 6. 

A. 2,1 Dynamics 

The aircraft was assumed to posses two separate motions: 

1. Motion relative to the air (wind axes) 

2. Motion of t)ie air relative to tlie ground, defined by the 
wind speed and its heading, 

The vector addition of these two motions defined the motion of the 
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GUST VEK>CITY, KNOTS 




F9T9S '^UITCH 4 'I'C ?'•■' 


Figure A. 6 Time History of Gust Disturl^ance 
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aircaraft relative to the ground. 


Also, if there \<as a conponent of the wind, V , normal to the 

nw 

heading of the aircraft ip, the aircraft was assumed to acquire a 
component of velocity in that direction {normal to its heading) 
relative to the ground according to the relationship 


or 


V„(s) 


TS + 1 


V = —(V - V ) 

n T nw n 


■^V sin(i|j -il;) 
T '■ w '^w ^ 


V } 
n 


(A. 37) 


(A. 38) 


Hie ground speed, V , was then ccmputed from the airspeed V ard the 

g a 

vjind velocity V : 
w 

V = V + V cos(i1j -iir) {A. 39) 

g a XV V ^ 

and the total side-slip angle f?,p is 

3- = 3 + arctan(V - V )/V (A. 40) 

T nw n ' a 

The components of the aircraft's ground speed along the principal 
> 

eartii axes were ccraputed from 
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= [V^ + " 'P)1cos((j; ” 35®) ~ V^ sin(ijj - 35®) 

V = [V + V cos{Uj - il;)33in(t(; - 35®) - sin(t|j - 35®) 
y a w v; n 


(A. 41) 


mie geometry is illustrated in Figure A. 7. For the purpose of 
the simulation, the following values were usedi 
T = 1 second 

=80® (45® to the runmy heading, which was 35°) 

and three values for V : 

w 

1. V - 0, V =0 (no wind) . 

w max 

2. V = 5 knots steady wind plus gusts ranging between ±].0 knots. 

V7 

3. = 10 kt. steady wind plus gusts ranging betsfl^en +20 knots. 
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A, 3 Flight Directors and Autopilot 


An integrated-cue flight director display vias used in the 
siiTtulation. At the initiation of each approach the flight director 
ms slaved to the artificial horizon and comianded the straight-and- 
level condition. The lateral {LOG) mode engaged automtically at 
two-dot deviation (2.5°) from the localizer course; the longitudinal 
node (APPR) engaged at one-dot deviation (0.35°) from the glide 
slope. At an altitude of approximately 60 feet above the ruiiway 
elevation the flare mode became operational and the letters FLR 
appeared on the flight director display. 

A. 3.1 longitudinal Mode 

First-order transfer was utilized in the longitudinal director 
(Weir and Klein , 1970) : 

IDp = -3.6(0.0005 hg + i4"034) (a. 


where PD^ is the flight-director's pitch attitude comnand and h^^. 
altitude deviation in feet from the glide path, was corputed by 


tlie 



and 


h = Z - X tanC-3.03°) 


(A* 44) 


The time-rate of pitch, 0, in radians per second, was found from 
Equation A. 10: 


• » 


9 = (a + 3 sin4> + [3 cos(|) - (a + y)sin(})]^ (A. 45) 


The control sequence FD^ was mechanized digitally by a trapezoidal 


integration: 


and 


(FD ) ^ = -3.6[0.0005(h + 0.034 h ) -I- 0.5 0] 

P HTi © Q 


%^ntl = %^n %^n+l 


0.034 (ED 


P n 
(A, 46) 


A. 3. 2 Flare Path 

During tlie flare maneuver it is desired to cause the aircraft 
to approach the ground asymptotically while following an exponential 
flight path. Referring to Figure A. 8 one has 


h = 


h -“(h^/x)e 


-t/T 


(A. 47) 
(A.48) 
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but, from Eg. A, 47 

'’o = h - hr 

. ' , h = ~ (h - b^) ^ (-1) 

; and 

h 1-Vp “ ih 

Assuming thiat h ~ in N time-constants t and that X is approximately 
invariant, then 

D = N'T-X t = D/NX 

and 

h = l\j, - D*h/(N'X) 

at the initiation of tlie flare maneuver t=0 and 
h^ = h^ - D-hyCN-X) 

D is the distance do^^mrange that the aircraft will travel between the 

initiation of flare and touclidowii, 
i 

i 

We introduced the bias h^j, because of tine delay in the response 
I of the aircraft to control inputs: It is assumed that at touchdown the 

j 

I aircraft will be below the computed path by this amount. 

i 

I 


(A. 52) 
(A. 53) 

(A. 54) 


(A. 49) 
{A.50) 

(A. 51) 
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Equation A. 53 was used to compute the nominal path? deviations 
from this path V7ere fed to the longitudinal flight director as 
altitude-error signals during the flare. 


The parameters h^, D and N were adjusted c“Tcirically. As 
X = V cosYf h^ = V siny one has, frcsn Equation A.5- 


h 


D = N 




tan (y) 


(A. 55) 


On a nominal glide path y = 3.03*; for the best touchdoi-m 
perfonrance, in terms of sinlt rate at touchdown and longitudinal 
dispersion, values of D = 2550 feet at N = 3 and = 15 feet were 
used. These yielded a nominal flare altitude of 60 feet; the actual 
altitude at which flare camiand was to be initiated, based on the 
airplane's ground speed and sink rate, was computed in real tiiie 
from Equation A. 54. 

A. 3, 3 Lateral Mode 

Second-order transfer was utilized in the lateral flight 
director {ihid . ) : 



-0.2- r 


a (btjj + + ds) 

{s + T^) (s t T 2 ) 


+ f{j) + ge] 


(A. 56) 
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where a = 0*62 


b = 8.6 
c = 0.9 
d = 180 
f = 2.7 
g = 15.6 
= 1.06 
“ 0.16 

and where C/ the angular deviation in radians frcm the localizer 
course was conputed by 

E = Y/ (-X) {positive to the right) 


Now, 


R 


R 


(s + (s + T 2 > 


S + T, 


S + T- 


R 



^ 0.6889 


and 

FD s= ~0.2[- ~f —-(bjy + cj + de) - r~— (bi]/ + + de) + f4> + gt] 

r st“To S'tTt 


(A. 57) 


(A. 58) 


(A. 59) 
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The control sequence FD^ was itechanized digitally by a trapezoidal 
nun^rical integration in a way similar to that of the longitudinal 
director (Equation A, 46) , 

A . 3 . 4 Autopi lot 

The autopilot was mechanized by feeding a function of the 
f light“director ’ s comminds as control inputs: 


e 

= k, (FD ) + k„ 

m ) 

(A. 60) 

c 

Ip 2 

p 



= 1^3 (hD^) + 

(Fb^) 

(A. 61) 

(l) 

= - 3 


(A. 62) 


At altitude of 200 feet the pitch autopilot stopped tracking 
tlie longitudinal flight director and maintained, instead, a glide path 
of 3.03° in an open- loop fashion until the flare maneuver was to be 
initiated; during tiie flare maneuver tlie lateral autopilot disengaged 
from the flight director and maintained wings-level attitude. 

The autothrottles were mechanized by computing the appropriate 
thrust required to null tlie velocity tirae-rate-of-change (Eq. A. 7) at 
a nominal reference airspeed (see Table A.l). 
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Table A.l Approach Reference Speeds 


Reference Airspeed , Knots 

170 
150 
130 

A. 4 Fail'ices 


Flaps, degrees 

0 

30 

50 


Failures in the guidance system were simulated by feeding a constant 
bias deviation into the appropriate flight director system (but net 
into tlie raw"data indicators, that is, the CDI or the GSI) . Tne bias 
was computed to correspond to one-dot deviation at the point of 
failure; occurrence; from that point on, until the failure was correctly 
identified, the aircraft was guided to intercept and track a path 
parallel to the nominal path but translated by the amount of the bias, 
as sham in Figures A. 9 and A. 10. TlrLs enabled us to introduce failures 
at different altitudes witliout having the data contaminated by unwanted 
effects, such as differences in the aircraft's rate-of-tum or sink rate 
and in the rate of motion of the deviation indicators, follofr/ing a 
failure. 
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FAILURE POINT B 




1 - DOT 
DEV I AT ION 


Fig. A. 9 Schematics of Lateral Failure 



Fig. A. 10 Schematics of Longitudinal Pailuro 



3000. 



Figure A. 11 Longitudinal Failure 
{Autopilot control) 


LATERf^ DEVIATION VS. DISTPMCE 


RUN SHOO I 


t -J L. , ,1 1 I I J 1 L 



Figure A. 12 Lateral Failure 

(Autopilot control. Subject recovered manually) 


When a failure occurred in a manually-controlled axis the pilot 
was guided by tlie flight director to intercept and track the new path. 
Wlien the failure occurred in an autopilot-coupled axis the autopilot, 
driven by the flight director, tracke the new path. In each case the 
subject was expected to detect the failure by reference to the raw- 
data indicators, v.hich did not fail. To this end tlie flight director 
display was biased out of view whenever tlie autopilot was coupled. 

Failures v^ere presented at altitudes between 1800 and 800 feet. 
The choice of altitudes was randomized, as v;ere the order of presen- 
tation and the direction of tlie failure, i.e., left-right for a 
lateral failure aiid up-doA-n for a longitudinal one. 


A. 5 CoTTputer Programs 


Three coiq^uter programs were used: A "No Failure" program which 
included the workload maasurement subroutine, a "Pitch Failure" program 
and a "Yaw Failure" program; botli of tlie latter accepted as inputs the 
altitude at v;hich a failure was to occur and its direc^rlon. At the 
begining of each run the appropriate program was loaded from a console 
in a room adjacent to the simulator. 

Docsir^entation and listings of the programs are presented in the 
remaindeir of this Apisendix. 
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PROGRAM PHF 


C 

C*** PROGRAM! HO FAILURCS 

C 

GLOBAL ITIHE-HF 
IMPLICIT FRACTION CF> 

LOGICAL CONE 
REAL FLAPS 

L OTSERROI-S=SMORT 

COMI10H/C£TASK''M£TSK , TOTTX* £T IME, LTON , HS'JIDlD , T I HEOH, TtMEOFF 
C0MH0H/CHTRL-'T,FLRPS,CTETA.CPH1 , CHI - GEAR, aflare.spsrk: 
COMMOH,'CHTRL'’ETETA,BPHi ,BXI 

COMltOlJ/PPMTR-^V, v;i , VG, VU , COSXia, S 1 HXW , C0S35, SI H35 , eCT AG , VHORH, CRAB 
('r ' ■qfj/pf-MTR-'GAriMA, ALPHA , BET A , PHI , VX , V Y , V2 . THET A , A , XM , V - R 
■iH/'Opr.HTRJ'OV, DXI , DCAMA,PALFAi DBETA, DFHI , OT , OVZ 
I i,-AHG,-SiHA,SIllG, SIHP,S1HB, SIHX,COSA,COSG. COSP,COSX 

COHHUH/'FPAC-'FV, FPHK,FPfCH,FA,FA100 , FV2 , FHOG . FADF, F VOft. FCP ICH 
COKMOrjyFRAC^FCBHK-FER.FHER-OMECS) ,H00E(6> -FTETAO 
COMMOti-'FP-'AOF , VOR . CP ! CH , CBHL . EPS , HEP- R»0 , GOST , THE TAB 
COHMON/AUTO^t/CBHk't , C'CSHKir, C CP i CH , C APTP , GU . U) , V20 , ,FLhRE 
COMMON STORTCICO ) -TOTTi ISO )- STOPX< 150 1 , STORAL 150 >- STORY < 1 50 5 
COMMON LOCT, LOCO, MISS, XrtlSS^ too >,XHI T< 100 > 

DATA BA0^57. 296/, W/ 1(1.5000 ./-GU/0 .0001155/ 

DATA THRKRl/0 . •! S 15/ , THPKR2/Q - 063/ , THRKR/0 .0076/ 
data TNC3A/-0 .052933/ 

DATA COSX’J!/0 . 1736-l3.',SXHXW/0 .98-SSOe/ 

DATA COS35/0 . 8 1 91 52 / , S Ifi35-'0 .573576/ 
tl)PITE< 10,2005> 

READCIO , :-006.'HAKE 

2005 FORMATC EMTER 5-LETTER CODE*/) 

2006 FOPMATCAS) 

DECODE <5. 20 0.3, NAME, H) [NAME 
IF< IHAME ,EO.<1040404040B)NAHE=NAME.R. 18 
DECODERS, 2007 . NAHE.H) IDIST 
200 7 FORMAT -ISX, I 1 ) 

2006 FOPMAT<2.X, A3) 

VI«0 = IDIST+5. 

PPftND=IDIST«‘l 1 . 6936 
IFCHAME.EQ. 7777774040B)PRA!JD=0 . 

EHTRY rtr 

c 

TURN OFF ALL LIGHTS AND SAMPLE SIDE-TASK SWITCH 
C 

1 COMTIlfUC 
A ADEPT 

MOAR TURHOFF 
ARIC A'F 
MDAR MS TASK 
S6AR‘A’F 
JPLS MSTSKON 


OBiGINAJr page iS 
OF POOR QllS® 
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FORTRfiH 

I1STSK=0 
GO TO 8 

R ftDEPT 

MSrr^SK: 0IHO0 200 

HSTSKOH* HOOP 

FDRTKrtH 

MSTSK=I 

8 cotmuuE 
c 

IHITIflLIZE AUL VALUES 

C 

GAt1MA=0 . 
l>Gfi}1A=0 . 

XI=£5. 

PH1=0 . 

FBr.r=0 .OF 
ftLPHft=6. 

THET«0=4, 

EFTflG = 0 . 

BETA=0 , 

CF*1E = 0 . 
fl=2500 . 

DRHG=2550 , 
ftrLAFE=0 , 
lFLfiRE=0 
I0H=IMI1=1 IH=0 
JJFF=0 

ET1ME=T0TTX=0 , 

LOCT=LOCP=0 

LTOH = MI5S.=N3i:'OU[>=0 

TI>1E0H = 5. 

TIHEOFF=2. 

Xri=:-12. 

Y=-6.030-2 
VQR=<;3.0i4F 
A0F=43.732 
VG=170 . 

V.X=VG*0 ,£;&6026 
VV=VG*C .5 
V2=0 , 


OSIGM^ 
OF. FOOB 
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V20=-l. 

IRrIUM=7129 

GUST=0 . 

VUJ=VWO+GUST 
VNORM=0 . 

v=vG-viu+(cos!':y'tio .'laefite+sirfxufo ,906300) 

R=0 . 

THETA=fiLPHA-2, 

DIST = SGRTC<Xtl+0 .041 1 J'fwS+CSVGOSO . 2-0 . 690 0 >**2) 
GSL0CK=0 . 

MODFD^"" 

LABEt.<MO&E> 

ZSETtO.OF) 

riOVE<0.23F,D.6$F> 

WRiTEt 16,506>!1i3OFIJ 
EHP1.I5T 
Lft&ELCDMO 
2S’_'T(0 ,F) 

tlOV£< -0 . SO^F , -0 . 0 1 434F) 

13RITE< 46.95^)0137 
ENOLI3T 

XFEET-Xm60eo , 2 
EF$=V/<-i.XI1-l .23)>*60S0.2) 

HEPi.fi-XFt ET-t -0 . 0&2633) 

CPICH1=CPICH=0 . 

E>CPIC4=0 . 

CStJKI=CENV:=CE-«K2 = 0 . 

Dcetn: l = t‘CBNK3 = 0 . 

BTE7(5=BPH1 =b>:i*--o . 

C0LL SAMPLE 
8TETO=CTETfi 
BPHI=CPHi 
EXI=CX1 
CftLt RTOF 
CALL TRIG 





START THC PISRtAY 


C 

c 

A JPSR $GRAFX 

A tOIALS 

A 5 

C 

IMIT1AU2E DATA-UP&ATE CLOCK 
C 

2 ITIME^i 
C 

ENTER WAIT LOOP IF SWITCH 8 <START> IS MOT ON 
C 

IFt .H0T.SyiTCH<3>)G0 TO 2 
C 

EXECUTE UNLESS SWITCH 12 <FPEEZE> IS ON 
C 

6 IF< ,H0T,SWITCH<12>5G0 TO 3 
C 

C*»* AFTER SWITCH (2 HAS EEEN ARESSEOi EXIT IF SWITCH 16 tS ON. 

C 

? IF<SWlTCHa6> IGO TO 4 

c 

C + x-* OR INITIALIZE VALUES IE SWITCH 4 <ICJ IS OH.., 

C 

IF<SWITCHC4)>C0 TO S 
C 

C:(->i-» OR STAPT EXECUTION AGAIN IF SUITCH S IS ON,.. 

C 

IFCSWITCH'8))G0 TO 6 
C 

OR initialize pata-opoate clock ahp enter a waiting loop 

c 

IT1KE=1 
GO TO 7 
S CONTINUE 
C 

Cf-** STOP THE DISPLAY AND GO BACK TO INITIAL VALUES 

C 

A JPSP tNHALT 
A HOOP 

GO TO 1 


o o 


i 


c 

C START EXECUTIOH OF A tJEO DATA-UPDl^TE CYCLE.' 

C+'l'f COMPUTE DT < = TIME PI SECS OF PREVIOUS CYCLES 

fttlD IIIITIALISE C-ATA-llPDATE CLOCK 
C 

3 T1ME=ITP-!E 
IT HIE =0 
DT=TIME-'120, 

CALL DYMUF 
CALL TRIG 
C 

Cw+* COMPUTE RAdftOM DISTURBANCE < GUSTS > 

C 

L INTEGERS=LONG 

IRHUM=M0D< f 7ro i*lPNUH + 3S27>, 1000 0 5 
RUUM^IRNUH 
L IN7EGERS=SHORT 

DVUH»CF!Jbri^l0000 . -0 . 5>*PPA'4D 
GUST^GUST+ILVi'l 1-0 .10.172 iCUSTS iDT 
ViU^VIllO-i GUST ' 

XFEET=XIHG0S0 .2 
IFvXFEET .EO.O , ?XFEET=I , 

YM1LE=Y^65S0 2 

C 

C'H'* COMPUTE THETA-DOT < =P I TCH-fitiGLE TIr.E-RATE OF CHANGES 

C 

TD0T = (DALFfi+t'GftMA>*i:C>SP4L.BET0H &tNP+(EETA7pAD4C0SP-<ftLPHAPGAMMAS 
I *£1NP 'PhDS*L.P HI 
C 

*** FLARE COMMAND COMPUTfi T I ON 

IFCrFLAPE)33,35 
35 DEN0M = 3./ .3367 

AFLF.RE=AMiN, . -OPtIG'*- V2 ^ DEN&M > .120.5 

IFCO.GT.fiF. CO TO SI 
IFLASE=1 ^ 
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TflU=rJSM8>'DCm)M 
VZC=ftmiJlffVZ+150 ,>,-150,> 

CPICH1=0 . 

HQ[>FD="rLR. " 

LAEEL(MODE> 

2S£T<t) .r> 

HOVEC0.23F,0.S6F> 

li)RITEn6,S36.>ltODFD 

EWDLIST 

S56 FORH(HTt"3S",B-4) 

33 HER1=A + TIh'J+V2“13. 

HEDOT=VZ/60 .+TA»J*DVZ 
GO TO 32 

31 HER=fi->:FEET*TN83ft 
HER1=HER 

HEDOT = V2>'60 . +VX* I . 66394+ C-TKGSA> 

C 

C++* FLIGHT-DIRECTOR PITCH COMIIfttJD 

C 

32 DCPICH = -0 . 6*''0 .000 5 + <HEC>OT+0 .034 ♦HERn+0.5*TD0T>'f! ,034+CPICKl 
CPICHIhsCPICHI+DCF ICH tDT 

DCPICH=<-0 . 6 KO . OC'CI5*(HEDOT + 0 .Ci34»HER! > + 0 .5+TDOT )-0 .034 + 

1 CPICHlA*DCPlC-H.'/2, 

CPICHl=CPECHl+OCPICH'^DT 

CPICH = CPICH! +PftD*3 . + < 1 . +IFLARE+C2. <aB3':cVZ+150 . . J) 

lr<! IFLfiPOSOO 1,3002 

Boot IF''VZ .GT . -150 . >CPlCH=ftMIfa<0 . , C-fiBS(CPICH)>> 

8002 COHTINiJE 

. IFCR.LE.AFLAFEJGO TO 22 
C 

C++* CENTER FLIGHT -director CiJllMAND-BARS IF 0UT6IDE OF 

C++* GLIDE-SLOPE RECEIVER RANGE 

C 

CAPTP=1. 

IF(ABS<HER,'«FEET) ,LE.0 .G06)GSLOCK=I . 

IF<GSL0CK)22,402 
402 COHTIMUE 

CPtCH = -GAMItft 

DCPICHn-DGAhA 

CPICH1=0. 

CAPTR=0 . 

22 CONTINUE 

CPICH=AMODCCPICH,360 . > 
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c 

c 


2i 


C 

c 


5S5 


FLIGHT-DIRECTOR LATERAL COHfiftNO 

IFtXK.EQ. I .23)XM=1 ,230 1 
EPS=YHILE>'tl ,23-Xlt> 

EPSDT = VX-^3&0 0 ■•VMILE-'C CXM-l .23> J-Wv-SeOfl ,23) 

DCBNta=-«0 . l-«\5.?244*PV:i<-3, 32f DFH3*139,6+EPSDT 
1 +0 ,432+PHI/'f>A0+2, 4 3+Er'-3> + 0 . 16 + CC!JKI> 

DCBHK2=0 .06S3'3 + (3.6tOXI+0 , 9HJPH!*tS0 , *EP3DTi-l .0&*CBHK2 

CENK=CBNF+CtiCB«!'J+PCEHK2)*DT+RAO 

CEsHKI^CEillKl + DCBULl+DT 

C8HK2=CeflK'2+DC&Mi;2t.0T 

IF<ftBS<EP3).LE,0.045)GO TO 21 

CBHK=CB(JKl = CBNK2=DCBm<‘l = PCEHK2=C . 

COtJTlHLlE 

CBHK=AMQDCCEHI' 3£-0.> 

IF<:<M.E0.-5.4&$6>XH=-5.4 335 

VOR, fiOF AND :-nE INFORM AT I OH 

ADF=35 . -ATflN(VHILE-'<-XM-5,489S>)KPAD 
IFCXM , GT .-5.4336>ADF=AC.r+130 . 
ir<XM.EO. -(t.04n>XM=--0 .04 10 

V0R=35.-ATAN^ '.VMIUE-d ■£'^03>,'(-0 .041 1-XM>> tPAD 
IFCXI1.GT , -0 .04 1 ! 1VOR = VOR+1SO . 

ADF=AH0D';mPF,36.0 . ) 

VOR=AHOD':vos.3&a, ) 

CALL RTOF 
CALL STA3K 

DIST=30RT< CXM+0 ,041 1 ) + + 2+ < VH ILE-0 . 3903 )+*2) 

LAPEL < PI 'E ) 

23ET<0 .0") 

MOVE<-0 .'Q3F. “0 ,01434FJ 
UJRTTEC 16, ‘ISS.'DIST 
FOPMATf "33" ,F4. 1 ) 

ENDLIST 
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C0HE:=. FALSE. 

IOM=ItlM = J IM=0 

IFtEPS.LE.O .OS.flUD.EPS.GT.-O ,05>COttE=,TRUE. 

C 

TURN OUTER MARKER LIGHT ON 

C 

IF<ABSa:H+S.'lS96> .LE.TMRKRl . AND . COME) IOH = l 

C 

Chi**! turn middle marker LIGHT OH 

c 

IF<ABSCXH+0 .7SS6) .LE.TMRKR2 ,AHD.COI'E)litM=l 
C 

C-n=* TURN niflER MARKER LIGHT OH 

C 

IF<ABS<XM + 0 . !(?S6>,LE.TMRKR.AND. COME >1111=1 
CALL BEAtOHSC lOM. IttM, I IM, J JFF) 

C 

C*** EXIT IF ALTITUOE=0 5 

C 

IFtA)! ,4,6 
4 COHTIHUe 
c 

Ct«*+ STOP THE DISPLAY, TURN ALL LIGHTS OFF 

C 

fl JPSR IHHALT 

CALL ST ASK 
fl ADEPT 

HOAR TURNOFF 
ARIC A’F 
JUMP .42 

TURNOFF! 77076IH57F77 
HOOP 

FORTRAN 

XFF=XK460S0.241153. 

K,KDT = 1 . .'OT 






i 

C 

C*** SHOtU PftRAMETERS AT TOUCHDOWH OH THE CRT SCREEN 

C 


«RITE<2S»20q(>> 

ll)RITE<25<3£rO 1 )XFF, Y. V 

li)RITE<25.£OOJ?>V2 

^|^RITE<25.200•^^AFLAf^E 

XI=X1-CETAG 

TRACKeNHCPAE 


2000 

2001 


URITE<£5,2003>TH£TA,PHI * Xr .TPACK/CPAB.DT. 
F0RMHT<>'/^/-'2rX, "PARhHETERS AT TOUCHCODiN 


KDT, LOCO, UOCT* HISS 
OR AT STOPACTlOtJ'Vv> 


FORMAT <2?X. "DISTANCE FROM THRESHOLD ",F15.0. 
i 27X< *CiISTAHCE FROM CEHTEPl, I NE“ , FIS , 0 / 

S 27Xi“ EtJDlCATED AIRSPEED ‘’.FIS.O,' 


2002 

F0PHAT<2 

rx< "VERTICAL SPEED 

" , F 1 3 . 0 , 

2004 

FOPMAT<2 

rXi "Ft ARE COMMAIiDEP AT 

ALT. “,F! 

S . ! , 

£003 

FORMAT C 

^27X. "PITCH ANGLE 

" , FS , 0 , " 

DECS 


1 

27X,"BAtii; AtiGLE 

",FS.O," 

DECS 


£ 

27X, ’‘HEADIHG 

" ,F5.0 , " 

DEG^ 


7 

27X, "GPOUHD TRACK 

'^ FS.O, " 

DECS 


3 

27X("CPAB ANGLE 

",F5.0, " 

t’EGS 


4 

27X." DT 

=" . F7. 4^ 



S 

27X. "DATA UPDATE PATE 

= ", I 



6 

27X, "LOCD=". 13, " H!TS = 

",I3,“ MI 

CS = “ 


FT . " ✓ 

FT . ^ 
KNOTS" > 
FPM" > 

FT 


'V^ 


13) 


C 

C**o OUTPUT FLIGHT DATA TO DISK 

C 

IFUHAME.ED,.104040nO‘40B;GO TO 60 1 
CALL OUTPUT 
601 COMTINOE 
EX I r 
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SUBKOUTIHE OUTPUT 
C 

C*** S08R0UTIHE TO OUTPUT OATfl TO DISK 

C 

01 MENS I OH TBUFFt20S> 

T0ETECT=0 . 

TIDEHT = 0 . 

0PEN<5! *O.2.Ot0UFFr(iPME> 

tl!RITE<21 >xrr.Y. V. V2. THETrt.PHI ,XI ,CRAB,TDETCCT.TIt'EKT.NAME 
WRl TE(2l >LOCD. f TOTT< I > , STORX< I > , STORA Cl > < 3T0Py< I ) . I = I , LOCDJ 
DCi 1 K = l,50 
CONTINUE 
1 CONTINUE 

CL0SEC2I > 

OPEHC22.0 -2iOlBUFF. '+HJ TSTASK* ' > 

!i)PITEc:2iLQCT 

IFclOCT . EO,C /GO TO 120 

KRITE C?’/ > STORTC I KXHITC I ), I = l ,LOCT> 

13D COIITi.wrjE 

DO 2 F=l,50 
CONTINUE 
a CCNT INUE 

CL0SEC22> 

OPEN <2 3,0,? 1 1 DUFF- * *MISSTA3K* ‘ ) 

WRITECaa/MIS? 

IFCMlSS.EO.OJOO TO AQ 

upiTEtas) cKni'-s< 1 ? , 1 = 1 .fiiss) 

40 CONTINUE 

DO 3 l: = l,5U 
CONTINUE 
3 CONTINUE 

CLOSEC23) 

RETURN 

END 
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SUEROUTIHE SftllPLE 
C 

CO'f* SUBPQUTIHE TO SAMPLE COCi<PlT COMTROLS 

C 

IMPLICIT PRACTIOUtD 
REAL PLAPS 

COMMOH.-PRMTR>-V , X I , VG , Vti) . COSXUi S I HXU, COS35 / S I I3S . BETAG , VMORM , CRAB 
COMMOWr'CHTRL^T, FLAPS. CTETA. CPKI . C>: I . GEAR , AFLftRE . SPBPK 
COMMON.'CMTPL &TETA. EPH I . BX I 
A ADEPT 

FPRI 

IIOOT'F 0 

ojg;o 

MDOT’F 10 

0 :o 

S5MD FEPBRK 
HDOF'F 20 

0 ;o 

ssnr- FT I 
KI-0?'F >10 

o;o 

S5MG FI2 
MGO 7 ■ F too 

o;o 

S5MC- FT3 
MO07’F ?Oti 
0 JO 

S5M0 FT-I 
MDOF'F 0 
0 ; 0 J 0 
«D0?*H Cl 
0 ; 0 : 0 

HDOT'LJ i!Hl 
0 JO 

S5H£) FFLAPS 
HD0?'L: I!H2 
OJO 

S5MD FrOKE 
M007‘LJ l!H-5 

o;o 

S5MD ruHEEL 
I1D07’LJ IIHIO 
OJO 

S5HD FP£C>L 
MO07'H ei 
o;o;o 

UPRI 
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MDAR MASK 
S6AR' A 'F 
ARAP'H'F 
JPtS DOtHlN 

DOWN! 

HOAR 2ER0 
ARMD FC-EAR 
JUMP BACK 
HOAR ONE 

MASK* 

ARHD FGEAR 
JUMP BhCK 
OOUjOIHO 

2ER0! 

0 IHO 

ONE! 

0 !H377?7 

FGEftR; 

0 

FSPBRK! 

0 

FTl ! 

0 

FT21 

0 

FT3i 

0 

FTl : 

0 

Cl ! 

0 IHGOOOl 

FFLfiPSJ 

0 

FYOKE ! 

0 

FtUHEEL : 

0 

FPEDL: 

0 

BACK! ■ 

HOOP 

FORTRAN 

SPBRK 

= F TrjRCFSPBPKY 


FLfiP£ = HMtV.'.2<C( .OF.FfLAfSl*? 

CTET,'? = “nC'PCFV0fX)*‘12.r5-3TETfi 
CPHI-“FTCF<iry'HECLiJ'-l2 .5-BPH! 

0<I = FTOPCFF-CL.L:'*1-0 

THRUoT = FT0RCrTliFT2 J ^FTOF( FT3TFT4J 
IF < THRUST -1 .201 ,i0'> 

200 T=<;00Q0 .*<THRi;ST-l . 0-1 ST ♦ 1 7 2 J 3 , 

GO TO 203 

201 1 = 60 00 0 1 ,0 4S-’THRUST5«S4321 , 

IF<THPUST- .3: t.)202. 102,203 

202 T“3000 .3?6-THRUST)*3103. 

203 IF<V-20tl . >204, 204,205 

204 T=T*300 ..'(V+tOO. > 

GO TO 206 

205 r=T*<SOCM)0 . /(V*V+10000 . >> 

206 G£RiR = FTuF'CFGEAr:> 

RETURN 

END 


OP EOOB 





SUBROUTItiE BtftCOMSaOH, IMtI. I IIU JJFF> 

C 

C-OK* SUBROUTiriF TO OPERATE HARKER-BEACOHS ' 

C 

IF< lOH.OR, IHH.OR. nino- 10 

9 COtJTIMUE 
JJFF=JJFF+1 

GO TO <S-8-6. !0).JJFF 
8 COMTINUE 

IF< IO«> 1 , 4 
4 IFCIMMJ2-S 

5 IF<IIM>3»8 
C 

HOHE OF THE LIGHTS SHOULD BE OHt 
TURH THEM ALL OFF 
C 

10 JJFF=0 

6 COHTINUE 

ft ADEPT 

HOAR ecu 
fifilC A‘F 
JUMP .4? 

8CN!?7277 lHe77T? 

HOOP 

FORTRAH 

GO TO 7 

1 COUTINUE 

ft HDOR OUTER 

ft ARIC'O 

GO TO 7 

2 COMTlTDJE 

ft HOAR Ml OLE 

A ARIC’O 

GO TO 7 

3 COHTINUE 

ft HDAR INNER 

A ARIC'O 

GO TO 7 
ft ADEPT 

OUTER iaoOOQ 
tUDLCi00400 !H 
IHNEftiOOlOOiH 
FORTRAN 

7 CONTINUE 
RETURN 
END 


j 






LIGHTS 
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SUBROUTlHE STflSK 
C 

C-H'-H SUBROUTlHE TO OPEPftTE THE IDORK-LOAO SIDC-TfiSH. 

C 

IMPLICIT FRACTIOH (F> 

COHMOH^CSTASK- MSTSKy TOTTX. £T 1 ME / LTOH, HSWOLO^ T IMEOfi- T I MEOFF 
COHMOtl/PFMTR'V.XI , VG. VUJ . COSXWi 31 IJXliJ, COS3? , S I N3S, eCTAG . VKORM , CRAB 
COMMOrl^PFHTR^GfiMMA. AUPHAi EETfti FHl . VX. VY> V<i , THETA . Aj XM, Y,R 
COMMCiH^DPEHTR-'t'V , DXI , OC-AMA , DALFA , OCETA , OPH I , OT . V'JZ 
COMMOr< STORTClOO TOTT<150 >.£TOPX<'lS0 >, STOPAaSO ),ST0RY< 150 > 
COMHOH LOCT.LOCD.HISS.XMISSC JOQ ) .XH1T( lOO) 

C 

C'i-'l-f UPDATE RUHNIMG CLOCK AND LIGHT CLOCK 

C 

TOTTX=TOTTX+DT 
IF<MSTSK)16j 100 
16 CGHTIHUE 

ETIME'iETlME+DT 

C 


CH*<.i«i IS LIGHT OH? 

C 

IF<LTOtm .2 
1 COMTIHUE 

A ADEPT 

HOAR HmSKUP 
SSAR’A'F 
JPLS SUUP 
MOAR I'.hSKDH 
SGAR'AT 
JPLS SUCH 
FORTRAH 
C 


tSAHPLE RE5P0HSE SWITCH 
CIS IT UP? 

IVES 


I IT IS DOUH 


SWITCH IS HOT ON 
C 

IHSW=0 
GO TO 3 
ft ADEPT 

HASKUP! 1 00 0 0 
HftSKDH: 04000 
SWUP! HOOP 


ORIGINAL MGS M 
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FORTRAN 

IKStil=2 
eo TO 3 

ft ftOEPT 

SUBHi riOOP 
FORTRAN 

INSW=l 

3 GO T0<7,5,4, 14,5). IHSW'^LTOH+I 
C 

C**» CORPECT RESPONSE 

C 

4 LOCT=LOCT+l 
ST0RT(LCCT) = ETI(1E 
XH1T<L0CT >=HJ1 + 6fti)0 , 2 + 1 JS3. 

GO TO 3 

5 IF< IHSUl-N&UOl.D>4, 7 
C 

C.|'++ INCORRECT RESPONSE 

C 

6 «ISS=MtSS+l 
XMI?S<MlS3>=XM+«CiSC ,2+1153, 

HSi0OLC'=INS!jt 

7 tFiETIME-TlNEOFDlOO.e.a 

c 

c»*+ TIME TO TLIPN LIGHT OFF ((JiITHOUT COfPECT RESPONSE) 

C 

e CONTI HOE 

irCNSi;jOLD)9. ] 8 
18 HISS-inSS+1 

XHISSf HIS'i;-?<M«S!j80 .2+1 553, 

9 COfniNUE 

A ADEPT 

M£>hR MASKOFF 
AR I C ' A • F 
JU!tP .+2 

MASKOFF: r757&!HF7777 
NOOP 
FORTRAN 
C 

C+ + * DETERMINE I DIE TO TURN LIGHT OH AGAIN 

C++* AND RESET LIGHT-CLOCK AND FLAG 

C 

ET JME=0 . 

THiEDN-AHOD(ABS<Xf1+SOSO . 2) .4 .5)+0 , 5 
LTOH.= 0 
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GO TO 100 

2 IFCETIME-TIMEOtOIOO, 10< 10 

t IKTEGERS=LO»G 
C 

0**+ TIME TO TURN LIGHT OH AGAIN; DETERMINE WHICH LIGHT 

C 

10 NXF£ET = AES<>;!t+6OS0. 2> 

LTO«=l!OOaiHFEET/2> + l 

L INTEGERS=SHORT 

GO TO (11< »2),LT0» 

11 CONTINUE 

A ADEPT 

IlDAR MASKS 
ARIC-O'F 
JUMP ,+5 
MA5K2;CCi200 !H 
MASKSiOOOOl !H 
NOOP 
FORTRAN 

' GO lO 13 

12 CONTINUE 

A MDAR MASKS 

A ARIC'OT 

13 £TIME=0. 

INSUI = NiWaLO=0 
GO TO 100 

14 WRITE<10-15) 

15 FORMfiTlSXi • ERROR IN SWITCHING LOGIC* > 

100 CONTINUE 

C++* STORE TOTAL ELAPSED TIME, M,A,AN0 V AT 5 SEC 

C+*+ intervals; unless altitude is less than 150, 

C++* IN WHICH CASE STORE THEM AT 1 SEC INTERVALS 

C 

TIMT = 5. 

ir<A,LE. 150 , >TIHT=1 . 

IF<AM0D(T0TT:-;. TINT) . GT ,PT)60 TO 101 
LOCD = LOCD+ I 
TOTTCLOCD5=TOTTX 
STORX<LOCD5=XM .SOSO .2+1153. 

STOP.A<LOCD)=A 

STORYCLOCD?=Y 

101 CONTINUE 
RETURN 
END 
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SUBROUTINE DVNHF 


C 

c 


c 


c 

c 


10 

n 

c 

C'S'+'f 

c 


BvrJflitlCS-COMPUTING SUBROUTINE 

GLOBAL OVZ,DTW)P, APP»PfQ^0R 
REAL L. FLAPS 

COHMON^'CliTPL^Tj FLAPS - CTETA , CPHI - CK I , GEAR- AFLAR£ , SPERK 
COHMOtJ-'CMTRL-'STETA- BPHI , EX I 

COMHON^PPHTR^-V, HI , VG- VW.COSXtU-SIrlXU-CO$35- SIH35. BETA&, VlJrjRM- CRAB 
COHfiON-'PFflTR-'GAHMA-fiLPHA-BETAiPm - VX- VY,V2,THETA, A,HU,V-R 
COHMONy-DPFftTR/OV-OXI -DCAHA-OALFA-OEETA-DPHI -OT, DV2 
C0mt0H-'AMG'Sir(A,SIfiG.3ttIP,.SIN8,SlHX,C0SA-C0SG- CCSPi CQ3X 
COmtOtJ-'AUTO-'DCEm; I - [.CBNF2- OCPI CH- CaPTP ■ f.U-C!, V20 , I FLA ■: E 
COMMON^FD-'ADF A-OP - CP I CH , CBHK , EPS , HER - RAD , GUS T , the: A J 
CALL SAMPLE 

COMPUTE GROUMO EFFECT RHO ALT. EFFECT 

GREFF=I . + <0 , S-Vr-'583 . 5-'CA+6. ) 

Aje=A-'lSOO . 

AEFF = 2. ♦Al©-Asg’*AlS 
VtU=VWtAEFF 

CL= CO .6002+0 .^902+FLAPS>*GPEFF 

C0=0 .03+0 .07S9+FLAPS+0 . 0 34 ?tGEhR+0 . 157+SPEPK 

V2=V+V 

V=AES<V-1 . )+l . 

VERTICAL GUSTS CORRELATED TO LATERAL GUSTS 

GU3T2“GL'ST>20ti . .'GREFr+fiEFF 
ALFiTI=ALPHA-GUSTE 
D-CE‘»Vi*AL. A1 
ITETA=0 

IFCALFAl .LE.23. >GO TO 9 
IFtALFAl .LE.27. ‘.'GO TO 10 
L = 0 . 

GO TO II 
L=CL + ALFAH V2 
GO TO U 

L=CL + 4.60f <2i3.-ALFAn*V2 
CQfiTIMUE 

SAMPLE AUTOPILOT MODE-SELECT StDITCHLS 

ADEPT 

SBAR'F 

HOAR ‘A MSK'APP 
ARAR'WF 
JPLS APP 
JUMP HP 
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11SKftPP:04QOO !H0 
HSKftPR! 0 2000 mo 
APPi HOOP 
FORTRAN 
C 

COMPUTE PITCH COMMAND 
C 

ITETA=1 

IF<A,LT,20Q , .AND.A.GT.AFLAPOGO TO 12 
TCQM 1 = <3 . -2 . S+CfiPTR) <=0? I CH+3 . <<DCP I CH+RAD 
GO TO as 

12 TCOMl = -3.f«:GAMt1A+3,03>-3.i=DGAMA>i:RAD 

15 CONTINUE 

cteta=amini<io.,amaxktcomi.--io , >> 

A ADEPT 

riP : NOOP 

S6AR'F 

HOAR ’A HSKAPR 
ARAR'H'F 
JPLS APR 
JUMP HAtiR 
APR: NOOP 

FORTRAN 
C 

COMPUTE YAU AND ROLL COMMANDS 
C 

CPHI=-BETA 

IF<:A.LT. AFLARE>CPHI=-CPHI+DPHI'tRAD*3. > 
CXI=CBNK+<DCBNKI+DCBHK2)‘|RAD + 3. 

IFCA.LE. <-V2/l2C . ) ) CXI=< 35 . -XI+BETAGJ fS . 

A MAMR! NOOP 

P=C0 .0!0?*CPHI+0 .005rS4CXn*V2/16386,G56 
0|=C0 .005+CTEtA*Y2-KL*COSA+COSP-UJ*COSSl^It)00 . >^15041 .808 
DR=(O,O3'KCXI+SETA-124?0 . S3 ■'Vt R > -0 . 00 ISS't'CPH 1 V2>40 . 64*DT 

R=R+DR 

1FCITETAJ13, M 

13 CONTINUE 
C 

COMPUTE THRUST IF IN AUTO PITCH MODE 
C 

TC=170. 

IF<FLAPS.GT,0 .5)TC=IS0 . 

1FCFLAPS.GT.0 .8)TC=130 . 

IFCA.LE.S.JTC^^IEO. 

T=<: CTC“V>/'<20 .+DT*GtllJ+0'tL‘l'SINA+(l!>^SlNG)/COSA 
T=AMIH1 CTj 75000 . > 


1<5 conn HUE 

DVHORHs=VlJ)'"<SmXiilX‘COSX-COSMti)'HSlHX>-VHORH 

VHORH=VHOf'H+DVIJOPM+PT 

t>V=GU+<T+COSrt-0-L*SI«A-W*SItlG)'i'DT 

OXI =GUJ/V-'COSG sCL* 31 HP-T>f S I HB + CO3P’t'COSA+OVH0RM ) f DT 

DGftMA=Glli/-Vx< (LfCOSft+T-tSINA?’*'COSP-tl+COSe5^'DT 

DftLFA = <Q-P^■SIt^B^+&T-DGfiMfi^CGSP-DXI'(■3IHP•^•C0SG 

OBETfi=DX! K<COSA'KCOSG + C03P-SIHfi+SlH6>-DGAMfi>t<COSft’HSIMP-R‘t‘DT 

DPKI = <P»*C03A + a+SiriBfC0SA+R'H^SINA?<*C>T+DXl>HSrHG 

Mi=xi+o:‘:i>tRftCi 

0ETAG = BETAG + C'E;ETA«RAO 

B£TA=eETAG-GV»GP.fW<P,AD 

CRftB=BETAG+ATAIJ2<VH0RMj VG 

PHI-PHI + PPHI-fRAC' 

A=A*V2/Bti .fDT 
X(ieXM+VX^:-!&0 0 . vDT 
VsY+VY-fl .o8S3'i’*DT 
VG=VG+DV 

Vs VG-VCJ^= < COSX'J,'-*' COSX+ E I HXUI * S I HX) 

VX=VG+COSG< (C03?5<'CGEX+S!H35'HSirJX> 

I -VN0RH+<>:03?5< 5 1 (IX-31 (J-35+C03X ) 

VysVGiCOSC- + ' r.0i3E + 3INX~stri35*-C03X) 

1 +VH0PM+CCO3 35fCOSX+3IH55 + 3IIJX) 

VZ=VG*Sltl5+10l .3367 

DV2=<0V'fSIHG+VG*C03G»D6AMA>*I .GSS94/DT 

ALPHAsALFHA+PALPAfRAO 

GAMMA=GAI!V.H+t>GAi!A + RAD+GU3TZ 

THETR = <AUPhh- 2 . ♦GAmA>«COSP*BETA*SlNP 

THETA0 = tl65(rG0 . /CL/'V2-2 . +&AI1HA>’( C0SP 

XI=A!10PfXI .3G0 . 3 

PKIsRMODCPHI ,330 , ) 

GAMHfl=AMOOCGAHMA,360 . ) 

THETA=AI1CO<THETA,360 . > 

RsAMAXKA.O . i 

RETURn 

EMG 


eg EOOB 


187 



o o 


SUBROUTINE RTOF 


C 

c 


c 


FDON! 


SUBROUTIHE TO CONVERT OATR REftL-TO-FRflCTIOH 

GLOBftU TRIG»FPICHI,FPCH1 
IMPLICIT FRACTION CF> 

COHMON-'PRMTR.'V , K'l . VG. VUJ , COSMUI/ S 1 NXW, C0S35. S I NTS . BETA T , VMORK - CRAB 
COHflOH^PRMTR/GAMMA- ALPHA, BETA j PH i . Vl<, VY , V2, THETA , A, P.M , Y, R 
COi1I10N/ANG,'StHA,£.lNG,SIMP,SlNB,SI»X,COSA,COSG,COSP,CO;'X 
CO!JMOH,'FRAC/'FV,FBI!K.rpICH,r A,FA100,FV2,FH£'G,FA!>FiFV0R,FCPICH 
COMMOH/TRAC/'FCBflK, FER,FHER, OMEiS) , MQOE C6i , >^TETAO 
COMMON^FO/ADF , VOP, CPI CH , CSNK , EPS, HER, RAO , OUST, THET AO 
rV'^E'JO .-AtlOOCV.(iOO . >)/2tf0 . 

FBHKliPHlvsSO . 

F&NK=FBNK1+Fetlta 
FPl<lKI=“THEIA,'3tO . 

FPICH-FPICHl+FPICHI 
F7ETAa=THETAO,'lSO , 

IFCA.LT.O . }A = Ci . 

FA=C500 .'-AMOCx A, 100 j . > . 

FAl 00"<SOOO , -AHOOf H- 100 00 . V 5 /-SO 00 . 

Fy2=“FHtNl < 1 , , AHf.Xl (V2,-4y0f< 

FHOG 1 =Af!00< CX I -BE TAG > , 3o0 . .* , 

Fht’G=FHOGl+FHOGl 
FADFl = -AC>F/360 . 

FADF=FAOFltFnDFl 
FVOR1"-VOR^3^0 . 

FV0R=FV0P1 +FVOPI 

SAMPLE FLIGHT-DIRECTOR KOOE SELECTOR 

ADEPT 
SOAR'F’H 
HDAR’A MSFBTH 
JPLS FDON 
MOAR UNO 
ARMD FCPICH 
JUMP L2 
SSAR'F'H 
MDAR'A MSKFDP 
JPLS PON 
HOAR ZF:0 
ARMD FCPICH 
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ROLL) 


SSftR'F'H 
MDftR'A MSKFDR 
JPLS RON 
HDAR 2R0 
ARHO FCGNK 
JUMP LR 
01400 
01000 
00400 
0 1 HO 

0 !H3??7? 

HOOP 


itSKBTH : 

MSKFDP I 
HSKFDE t 
ZROl 
UNO ! 

PON I 
FORTRAN 

FPCHl=CPlCH-'360 . 

FPCH1=FHIN2<0 , lF<FHSX2eFPCHl*- 
FCPICHa4.+FPCHI 
A JUMP roll 

A RON! HOOP 

FB«Kl = -CBflK<'360 . 


FBHN'1=FH1N2<0 , 1F.FMAK2<FBHK1/- 
FCeNU=F£NKl!<‘4 , 

A L2t NOOP 


ERR=EP3+RAD 
TEHPP= AKAX 1 < tPR, -2 . 5 > 
ERR^AfUNl C2, 5^ TE(SP,P> 
FERa-ERR^O .24 
IFCXM.EO.O .)XM=O.OOOl 
AHER=HER'f'RAD/<XM+&OSQ .2> 
TEMPP=Ai10XKAHER, -0 , ?> 
TEMP=AH1NK0 .?,TEr-tPP> 
FHER=T£HP*0 .22337 
RETURN 



0 . 1F>> 


O.IF)) 


c 

c 


SUBROUTINE TRIG 

SUBROUTINE TO COMPUTE TRIG FUNCTIONS 
ONCE FOR EftCH DATfi-UPDATE CYCLE 

FRACTION cost) 

ALP-AUPHAv'RAO 
ALP2=ALP+ALP 
SIHAaALP-ALP+flLP2-'6 . 

SINB=BETA/RAD 

COSA=l .“ALP/2.+ALP2.»'ALP2-'24. 
F6AHA=GAMMA/'360. 

FGAHA=FGAHft+FGAMA 

FPKI=PHI-'360. 

FPH1 = FPHH-FPHI 
FXI=>!U360. 

FX3=F>:l+FXI 

SIHG=FSIN<FGAMA> 

C05G=FTOR(i.C0SH> 

SIHP=FSIN<FPHI> 

COSP=FTOR<i-COSiO 
SINX=FSIt)fFXI 5 
COSX=FTOP< fco-;h> 

RETURN 

END 



c 

C'l'H'K' 

c 


c 

CiK** 

C'i"!'’!' 

c 


IMAGE DIALS 

SUBROLTIME TO DISPLAV THE IHSTRLfMEMT PANEL 

INTEGER 1FTIMM 
IMPLICIT FRACTIOHCF) 

CClMMDN^FRAC/FV , FBNK . FPICH. FA- FA 1 0 0 , FV2 ^ FHOG, FADF, F VOR . FCP ICH 
CQl'lMON/FRAC/TCBNK. FER, FKER, OHE(S) . MOOE<S> . FTETAO 
LINKAGE PTR<S>,CBARS<12),LVNEC‘;>*P(nRl<10>,PrJTRf20> 

LINKAGE GSI<S>,LOCI<5J*ADFNa8>*VORNClO>,HDNGC5> 

ADD FTIMX TO ITIMEj TO UPDATE THE 
DATA-UPDATE CLOCK 

■FITIME=«I7IHE+TFTIMK 

POSCHqP-(0.24l?F,-0.0l434F,-0.3F, "0&35"> 

POSCHAP.(DME> 

POSCHAR!;HODE> 

DYCFHER) 

TABLESDCtSn 

LDVCO.FJ 

TABLE20<MDNG> 

LDRCFER+O .26&?F) 
tAELE2DaOC!> 

LDKC-0.75FJ 

LDYC0.49F) 

LSCLtO .27SF) 

LRZ<FVJ 
TABLERDCPraRI 
LDX<0 .71F> 

LDY<0.S2F> 

LSCLCO .2SF> 

LRZCFA> 

TABLE2D<PNTR5 

LRZ(FAIOO) 

TABLESDtPNTRI > 

LDX<0,rie2GF> 

LDYC-O ,20575F> 

LSCLCG.2SSF) 

LR2<FVZ-0 .5F) 

TABLE2DCPNTR) 



OF 


pAiG®^ 
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LOXCO.f) 

L.DV <-0 ,3S3F5r 
LSCLC0.33F> 
LR2<FH0G> 
TAti-tSOCI-CCP-RD) 

SOT BUS 

ROTH<-0- 19-1-44F> 

DK?rER> 

TfliBLE2D<LVH£> 

LOXC-O .745F> 

UDVC-0 ,212F> 

LSCt.C0.275F> 

ROTZCFflOD 

Tl^BLE2E>Cfit'rfl> 

R0T2CFV0fi“FftC»F> 

TftBLEFDtVOftrn 

LRZCFHDS) 

TRBUCSUCtCCftRD) 

LDX(g.F> 

LDY(0.e6F> 

LSCL<0.32F) 

LR2<FBNK> 

TfiBLCZpfPTR) 

LSCLa.OF/ 

ROTXiFPICHl 

LflTC ISe- 1 .OF) 

LAU17B.0.5F) 

TftPLE3I><iHP20N> 

LSCLCO, 32F) 

ROTSiCFCPICH + FTETAO) 

ftOT2cFCD»F> 

TftBLE2P^CBARS> 

TrtBLE20(CBARS> 

RETURN 


DflTfi2DCLYHE> 

ZSETCO.OF) 

LlNE<0.r.t).43F,0.F> -0.52S6F> 

EUDLIST - 

ENODftTA 

DATfi2l>tP»TR!> 

ESETCO.OF) 

HQVE<-0.02F.0.04F> 

ORAUK-0 .02F/-0 .3FJ 
DRAUCO ,0F.~0,36F> 
DRAttlC0.02F,-0.3Fj 
DRAUCO .02F.0 .04F) 
DRAUJC-p.02F.(J.04F) 

EHOtlST 

ENDDRTA 

DRTA2tiCPinR> 

2SETtO.OF> 

HOV£<O.OF,-0,5F) 

DRAU<-0 .02F<-0 .5Sr> 

DRAiJj<-0 . 02F,-ti ,74F> 

DRAU<{) .OF,-0 .SF) 

OFAdKO ,0£F,-i5,74F> 

ORAUtCO .02F. “0,560 
DRAtilCO .0F,-0 ,5F> 

ORAiJtO .OF.-O ,26F> 

DRAUCO ,04F,-Q ,2F> 

DRAtjJ<0 .O4F.0 ,0F> 
DRrU< 0.06F,0.1F) 
DRAtUC“0.06F.0. IF) 

DRAWC-0 ,04FjP .0F> 
ORA!3<-0.04F,“0,2F> 

DRAMCQ .OF.-O ,26F> 
MOVEC0.OF,0,i?F) 

DRAliKO .OF,0 .0F> 

EHOLlST 

E»DOATA 



DftTfiaotGsn 
2SETC0 ,0F) 
MOVE<-0.3F»0.S5F> 
DRAtiK~0 .36F*0.59F> 
DRAU<-£r.3F,£i.63r> 
tlDVEC“0.3Fi-0 ,30F) 
DRAU<-O,3GF<-0 .34F> 
DRftiiK“0.3F,-o .aaF> 
EHDLIST 
ERDDATft 

DftTfi2D<t-0CI> 

2SET<0.EtF> 

UOVEC-0.04F.0.16F> 

DRAUJtO -0F>0 . 12D 

ORflliKO ,04FiO 16F) 

EfJC'LI^T 

ENDDOTfi 

DATA2D<SE>FH) 

ZSETCO.OF) 

HOVEC-0 . 1F,0 .5F> 
DRA'JC-0 . IF.-O .7F> 
.OFj -0 .8F> 
DRA'Jt<0, Vj- 0,7F> 
DRAlU<D.iF.0,5F> 
DRAtUC-0 , l4Ff 0 .5F) 
DRABKO .OF,O.SF> 
ORAilKO . 14F<0 . 5F> 
DRAUCO , tF,0 .5F> 
HOyEtO.OF.O .3F> 
DRAliJCd .OF.O .3F) 
MOVE<O.OF,tl.OF> 
DRABKO .OF, O.OF> 
MOyE<0 .0F,-0 .3FJ 
DRABKO .OF, -0 ,9F) 
EIJDLIST 
ERDDATA 


DfiTASDCVORU) 

zse:t<o ,of) 

MOVECO.OF,0.8F) 

DRACIC-Q .04F,0.6F> 

DRAU(-0.04F--0.SF> 

DRAID<0.04F,-0,8F> 

DRflUKO .04F*0,6F) 

DRftUKO.OF.O.SFJ 
MOVECO .0F,0 .9F) 

DRfilflCO ,OF.“0 ,9F> 

EHDLiST 
ENPDRTA 
A ADEPT 

BUC: 0 

1631224426; 163’ 221261; 1314423345; 1631224427 
20000 26743; 1146211662; 1146215461 ; 0631 4 14431 
0767613244; 1 14621546 1 1 6631 4623 16 J 631 4655465 
60 000 130 54 160000 13055; 60000 130 55; 7000005462 
7000005463:7000005463; 1000072314:1000072315 
1000072315;2000064022;2000064023; 17777640<:3 
FORTRftH 

DATA2DCPTR) 

ZSET<0.n 

HOVE<0.F,0.8333F) 

DRAli)t-0 . 15F*0 .6667F) 

ORAUKO ,15F»0 .666VF> 

DRAtKO ,0r,0 .8333F) 

EHOUIST 

ENDDATA 

DATA2D<CBARS> 

2SET<-1.0F> 

MOVE<0 .0F,0 .OF) 

DRAW<-0.75F^-0.37F) 

DRAUl<-0 ,7SF. -0 .2Sn» 

ORAW<0 ,OF.O ,0F> 

DRAllK0.7SF.-O.37F) 

DRA(i)<0,7SF,-0.25F> 

DRAW60 .OF,0 .OF) 

EHDLIST 

EHODATA 


Of FOOB. 


DATA2D<HD(iei 

2SETCO.OF) 

HOVE C • '* . 0 1 5F, 0 , 0 3625F > 

ORftS!< nr*0.0035FJ 

DRAiflCO .OISF,0 .0362SF) 

ENDUIST 

EltDDOTfi 

RETURrl 

END 



c 

c 


L 


2005 

2006 


200 ? 

2008 


PROGRAM PFP 

program: fail pitch 

GLOBAL ITIME,FP 
IMPLICIT FF.ACTIOM (F) 

LOGICAL COHC 
RFAL FLAPS 

OTSERRQRS=SHOPT 

COMHOM/CSTAS‘VhstSK, TOTTX , ET I ME - LTOI!< HSlilOLD , T IMEOH, 1 1 MEOFF 
COMMOM^CIITRL'^T , f APS, CTETA, CPHt , C>'.I , GEAR, AFLARE, SPBRK 
COHMOH-'CNTPL/’CTETA, EPHI ,BXI 

COMHG[I.^PRM7R- V,>;i . VG,VU),C0SXli),S]H;'iU,C0S35,SIM35, PETAG, VHORH,CRAB 
COMMON/PFMTR/tAMHA, ALPHA.3ETA,PHI ,y;«,VY,V2, THETA,A,XM,Y,R 
CQMHON,'OPPMT R,'0'' .OKI, DG All A , PALFA , CBETA , DPH I . PT . C-V2 
COMMOrt/AtiC^SINA,3If.'G>&INF,3niB,SlMX,COSA,COSG-C':’£P,COS;< 
COMMOK-'FPAC/'FV ,FBtlK . FPl CH , FA, FrI 00 , FVZ . FHt>G , FhPF , FVOP . FCPICH 
CCt!ItOr!^FF>iC,'FCBtll'. , FER, FHER, PME t S ) , KOOE^ 6 , F T EThO 
COMMCM'FP'-ACr, VOR,CPICH,f : . EPS, HEP, FA[>. GUST, T'HETAO 

COMHOfJ^'fllJTO/Or.SJiKl .CCBNKi C-CPI CH, CfiPTR - GW, U' , V20 , IFLRPE 
COMHOH LOCO, TOTT<; , STORXt 1 50 / . STORAf 1 50) , STOP/,. t£0) 

DATA RAC/ 57. 206^, 1 6500 0.^, GW/ C .0001155/' 

DATA TMPf.Fl,/0 TMPfR2/-(i 0 63.' , TMRKR./0 . 00 76,/ 

DATA TNGSA,/-0 .052953,/ 

DATA COSXW/O . 175648/'. SINXW-'O -93431.8/ 

DATA C0385/CI .819152/, SIH35/0 . 573576/ 

!2RITE<l(l,3005) 

READt I0,200 6jHA)tE. AFflIl. 

FOPMAT<‘ ENTER S-LETTER CODE AND ALT.:’/> 

FOPMAT<A5/F6,0) 

DECODE < 5 - 20 oa, NAME, H ) I NAME 
I F Cl NAME . E 0 . 40 40 40 40 4 0 B >MAME = NAME . R . 1 e 
DEC0DEC5, 2007, NAME, H> IPIST 
FORMATOX, 1 1 > 

FORMAT CC'X, as:! 

VWO=IDISTtS, 

PRA:1D = IDIST + 1 I .6936 
IFCNAME.EO. 77777740 4oBJPRAHD=0 . 

ENTRY FP 


a 


Of f OOB 


197 



C>cl<X> ItJlTIflLIZE flUU VALUES 

I CONTINUE 
A OPEPT 

HOAR MSTSKDN 
ARHD PRDET 
HOAR HSTRSK 
ORHO SELECTOR 
HOAR TURNOFF 
ARIC'A'F 
HOAR MSTASK 
SSAR'A'F 
JPLS HSTSKOM 

FORTRAN 

MSTSK=0 
GO TO e 

A ADEPT 

MSTASK! 0 mo 0200 

H5TSK0N! NO OP 

FORTRAN 

8 CONTINUE 
HSTSK=0 
GAHMA=0, 

OGAHA=0 , 

XI=S5- 

PHI=0. 

FBNK=0 .OF 
ALPHA=6 , 

TNETA0=4. 

B£TAG=Q. 

BETA=0. 

CRA2=Q . 

A=2S00, 

DRNG-2SS0 , 

AFLARE=0. 

IFLARE:?0 


IOH-IMH=l IM=0 
JJFF=0 

ETIME=TOTTX=TDETECT=TIDENT=TFA1L=0 . 

IFAIL= lDETECT=IDEHT=0 

LOCT=LOCD=0 

LTOH=MISS=MSiilOLD-0 

TIH£0H=5. 

TIHE0rF=2, 
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XM=-12. 

y=-6Deo.2 

VOR=43.047 

ftDF=43732 

VG=170. 

VX=VG+0.&66026 
VV=V(5r0.5 
VZ-0 . 

V20=“i . 

IRHUM=71£9 
GUST=0 . 

Vl3J=Vl!J(l+GUST 
VNQRM^O . 

V=VG-VH+<C0SXIJ1'0 .42'2618+SI HXUJ*0 . 90 6303J 
R=0 . 

THETfi=ftLPHft“2. 

CHST=SQRT< <XH+0 .0411 Y/-6080 . 2-0 , 690e'.i **23 

GSL0CX=0 . 

ISODFO = "'‘ 

Lfir 'L<MODE> 

2t„T<:o.or) 

IlOVE<0 .23F,0 .G6F) 

URITE<1G.5S63H0&F[> 

E»PLtST 

LAEEt(DME> 

2SET40.F3 

lt0VE<-0 .30SF/-0 .01434F3 

WR1T£<16.,5553DIST 

EHDUIST 

XFEET=XH+&ae0.2 
EFS=Y^f-eXM-I .23346030 .2> 

HER=fi“XFEET+TtlGSfl 
CPICH1=CPICH=0 , 

DCPICH=0. 

CBMKl=CeN7,=>CetiK2=0 . 

DCBNK1-I3CSNK2S0 . 

BTETfl=BPHl=BZI=0 . 

CALL SAMPLE 
BTETA=CTETfi 
BPHI=CPHI 
BX1=CX1 
CALL RTOF 
CALL TRIG 




C’K-t'* STfiRT THE DISPLAY 

ft JPSR tSRftrX 

ft iDIALS 

A 5 

C'f't'X. INITIALISE DATft-UPDftTE CLOCK 

2 ITIME=1 

ENTER WAIT LOOP IF SWITCH S (START) IS NOT OH 
IFC,H0T.SWITCH<8))G0 TO 2 

C*** EXECUTE UNLESS SWITCH 12 (FREEZE) IS ON 

& IFC .NOT.SWITCH<12))GO TO 3 

C#** AFTER SWITCH 12 HAS BEEN PRESSED, EXIT IF SWITCH 16 IS OH, 

? IF<SWITCHa6))G0 TO 4 

C*x.M= OR INITIALIZE VALUES IF SWITCH 4 CIO IS ON... 

IFCSWITCH<4))GO TO 5 

CHt+x. OR STR''-T EXECUTION AGAIN IF SWITCH 8 IS ON.., 

IFCSWITCH(Sii)GO TO 6 

CX‘X=x- OR INITIALIZE DATA-UPDATE CLOCK AND ENTER ft WAITING LOOP 

ITIHE=1 
GO TO 7 
5 COHTINUE 

C*x.* STOP THE DISPLAY ftWD GO BACK TO INITIAL VALUES 

ft JPSR tNHALT 
A NOOP 

GO TO 1 

C*** FTART EXECUTION OF A NEW DATft-UPDftTE CYCLES 

C-f*-*. COMPUTE DT C = TIME IK SECS OF PREVIOUS CYCLE; 

Cx- + <. AND INITIALIZE DATA-UPDftTE CLOCK 

3 TIME=ITIME 
1TIME=0 
OT=TtH£^l20. 

CALL DVHNF 
CALL TRIG 

C*x* COMPUTE RANDOM DISTURBANCE (GUSTS) 

L IHTEGEES=LOHG 

:RNUM=MOD<(770I'fIRHUH+3927: , 10000) 

RNUM=IRNUM 
L INTEGEPS=tSHORT 

DVUI=CRNUfVIOOOO .-0 .5)X'PRftHD 
GUST=GUSTX-(0VWl-0 . 1047Z>!'GU3T)+DT 
VW=VWO+GUST 


IF a FA I L1‘ I DETECT ) 1 0 , 11 

C>c>P« STORE TIME OF FAILURE IDE«T IFICAT ION 

:1Q CONTINUE 


A 

ADEPT 

CO.RRECT: 

SSAR'F 
ARAR'H'F 
HOAR 'A CORRECT 
JPLS NOCHANGE 
ARMD TSELECTOR 
MOXQ SELECTOR 
JPLS CHANGE 
JUMP NOCHAHGE 
0 IH05000 

TSELECTQRi 

0 

SELECTOR.' 

1 

CHANGE* 

HDAR TSLuECTDR 

FORTRAN 

AKHD SELECTOR 


trs PITCH A.P. OR PITCH F.D. "ON"? 
EYES. NO IDENTIFICATION OCCURED, 

ENO. STORE 0 IN TSELECTOR 

CIS THERE ALREADY A 0 IN SELECTOR? 

ENO. IDENTIFICATION HAS JUST OCCUREO. 
EYES. IDENTIFICATION ALREADY RECORDED. 


TIDEHT=TOTTX 
IDEHT=1 
CPICH1=0 > 

A NOCHAHeE: NOOP 
n CONTI INJE 


XFEET = ;-:H+S0S0 .2 
IFCXFEET.EO.O, >X.FEET=1 . 

YHILE=Yv'0080.2 

C-«*+ COMPUTE THETA“DOT <=PITCH-ftN-;LE TIME-RATE CF CHANCE) 

TDOT = <DALrA+DGAHA) + COSP+DBETAH*SINP+CI.rTA--PAD+COSf--<ftLPHA + OAMMA) 
1 *SINP''RAD)+DPHI 

0**+ FLARE COMMAND COMPUTATION 

IF<IFLAPE)3?/?5 
3S D£NOH=^3;*VXi<101 .336? 

AFLARE = AI!IK1.(<15,-DRIIG+VZ>'D£N0M). 120 . ) 

IF<A.eT,AFLARE)GO TO 31 
1FLARE=1 
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TAU=DJ?HG/OEHOH 
V20=flMlHltCV2<-150 . )*-ISO .5 
CPICHI=0. 

HODrD="FLR.'‘ 

LABEL CM ODE) 

ZSETCO .F) 

HOVE<0 ,23F^0.6BF) 

WRITEC1S.556)H0DFD 
55S FORMAT {“aS'SB-l) 

EHDLIST 

33 HERl=A+TAUiiV2-l5, 

HEDOT=VZ/60 ,+TAU*DV2 
GO TO 32 

3S HER=A-XFEET>HTJlGSft 

HER1=HER 

HEDOT=V2-'60 , -VXx-1 .6S894^'TNGSA 
32 If < IFAIL J405,'l01 

401 IF<A-ABS<AFAIL5)403,403.400 

403 IFrtIL=l 
TFOIL=TOTTX 

405 irtIDEtlT)400<404 

404 HERl=HER+0 , 1 15&935 *aFAIL 

C*** FLIGHT-DIRECTOR PITCH COMHAtJD 

400 DCPICH=-0 .6*<0 .00 0 5* <HEDOT+0 .034 4-herd + 0.5*TDOD-0 . 0 34+CPICHI 
CPICHlA=CPrCHl+DCPICHt>DT 

DCPICH=C-0 ,6H<0 . 0i)0S + <HEDOH-0 . 0 24 + HERD +0 . 5*TD0T ) -0 . 034^ 

1 CPICHIA+DCPICHJ.'Z. 

CPICHl =CPICH1+DCP1CH*DT 

CPICH=CPrCHDRADt3. *Cl . + IFLrRE'S' C 2 . *ABS< < V2*l SO , >/VZO)-l . )) 
IFCIFLARE3SO0DSO02 

8001 IF <VZ .GT.-150 , )CP ICK=AM IfU CO . ^ < -ABSCCP ! CH) ) ) 

8002 COMTIHUE 
rF<fl.LE.AFLAR£)GO TO 22 

C--h4-* CEHTER FLIGHT-DIRECTOR C0HHAHD-E.AR3 IF OUTSIDE OF 

CK15.+ GLIDE-SLOPE RECEIVER RAMGE 

CAPTR= 1 . 

IFCABSCHER^XFEET) .LE.O . OOfiJCSLOCMn 1 . 

IFCGSL0C1O22.402 

402 CONTINUE 
CPlCHs-GAMMA 
DCPICH=-DGAMrt 
CprCHl=0. 

CAPTR=0 . 

22 CONTINUE 

CPICH=AMOO<CPICH,360 . ) 
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FLIGHT-DIRECTOR LATERAL COMMAND 
IFtXM.EQ, I ,23)XM=1 .2301 
EPS=VMILE''<1 .23-XM> 

EPSDTaVX/3600 , ■(^YHILE-'t <XH-I . 23 >h: CSH- 1 . 23> ) -VV/3600 ,^fXM-l .23) 
OCEIlK 1 =-< 0 . 1 C 5 . 324-1 I +3 . 32+OPH i + 133. G=^EPSDT 

1 +0.432+PHURAO+2.49fiEPS)+0.16tCBN(tl) 

DCBHK2=0 .0$839+<S.6+DXI+O ,3*OPHI+1SO . +EPSDT>-1 .0e+C2ilK2 
CBftt:=CeM(C+<C»CeHKT +&CBNX2 ) *OT*ftftC> 

CBflKl=CBNKl + DCBNf<l+DT 
CSMK2=CSNi:2+DCBHl'2*OT 
lFCABS'.EPS).LE.a.045)GO TO 21 
CBHK=CBHKl=CBNK2=DCBNKl=DCeNK2=0 . 

CONTINUE 

CENK=fttlOD<CBNK. 360 . > 

1F< XH . EO , -5 . 4396)XH=-5 . 4S?5 
A0F=3S . -RTAN r YM I LE/- C-XM-5 . 4S96> > *R AO 
rF(XM.GT,-5.4S96)AI>F=AE<F + lS0 . 
lF<XM,Ee.*-0,0411)XM=-0 .0410 

VORt=35.-fiTAtKCYMILE-0 .S903>/'C-0.041 l-MM)> + RAO 
IF<>:H.GT.-0 .04U >VOP=VOR+130 . 

ADF=ftM0O<AI>K,360 . ) 

V0R=AM00<V0R.2btl . ) 

CALL RTOF 
CALL PECRO 

DlST=StlRT<<XM + 0 .041 1 > ++£+< YHILE-0 .690 S>++2> 

LABEL COME) 

ZSETCO.OF) 

HOVEC-0.305F.-0 .01434F) 

URITE<16.533)DIST 
FORMAT C F4. n 
ENDLIST 
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CifiHuH 


12 



JUMP 

DETOFF 

I IT IS "OFF" 

DETECT to ! 

HO 1000 



PRDET: 0 




OETONt 

HDXO 

PRDET 

ttUftS IT "ON" SEFORE? 


JPLS 

.*2 

. I NO 


JUMP 

DETOFF 

CVES 


ARMD 

PRDET 


FORTRAN 




TDETECT=TOTTK 


IDETECT=51 



A DETOFF 

i HOOP 



13 CONTINUE 



CH.if*)' 

EXIT 

IF ALT1TUDE=0 


IFCfi>‘4*4.6 
4 CONTiXUE 
ft JPSR -ftmPlLT 

CALL RECRD 
ft ADEPT 

MDAR TORdOFF 
ftRIC'ft'F 
JUMP ,+a 

TURNOFF I ?70?6!HS??77 
NOOP 

FORTRAN 

XFF-NM+60 30 .2+1153. 


CONE=. FALSE. 

IOM=lHM=riM=0 

IF<EPS>LE . 0 , 05 , AND. EPS . CT , -0 . 05>CONE= . TRUE 
TURN OUTER MARKER LIGHT ON 
IFCftBS(XM+5.43SeJ .LE.TMRKRl . AND . C0NE> IQH=l 
TURN MIDDLE MARKER LIGHT ON 
IF <flBS<XH + 0 . 7836> . LE . THPKR2 . AND . COHE> IMM=1 
TURN INNER HftPKER LIGHT ON 
IFCABS<XM+0 . 1396 > .LE.TMRKR. AND. CONE )IIIt=l 

CALL BEACOHS<IOM, IMM. TIM. JJFF> 

IF<1FA1L>12-13 

CONTINUE 

STORE TIME OF FAILURE DETECTION 
ADEPT 

MDAR DETECT 

SoAR'A'f CSAHPLE DETECTION SWITCH 

JPLS DETOW EI7 IS "ON" 









WRITEC23/2000> 

WRITE<2S.2001)XFF,V.V 

aiRITEC2S.2Q03>V2 

WR I TE < 23 , 20 0 <5 J AF LflRE 

KI=XI-BETftG 

TRACK=XI+CRftB 

TUETECT=Ti>ETECT-TFftH. 

TIt)ENT=TI&EHT-TFPlL 

li)RITE<2S,S0t(3)THErfi>PHl *XIiTRftCKjCRAB,DT^LOCD,TDETECT< 

i TIDEMT 

200 0 F0RMATC//'///2?X, "PARAMETERS AT TOUCHDOmiJ OR AT SlOPACTIDH: 

2001 FORHAT(27Xi “OISTAKCE FROM THRESHOLD ‘’,Fl5,0." FT . *V 

1 27M* "OISTAHCE FROM CEtJTERL I HE" i FI 5, 0 , " FT."/- 

2 27X, "IHDICftTEO AIRSPEED '^FIS.O," KI!OTS"> 

2002 FDRMATt27X, "VERTICAL SPEED ".F15.0," FPM" > 

aUQ*! F0RMAT<27X( "FL iRE COMMANDED AT ALT. ".F15.I-" FT.“> 

2003 FORKATC .'aTX. "PITCH ANGLE ".F5.0." DEGS.".' 

1 27X."BAHX ANGLE ".F5,0." DECS."/ 

2 27X. "HEADING "*F5.0." DEGS . 

7 27X, "GROUND TRACK ".fFS.Oi" DEGS.".' 

3 27X. "CRAB ANGLE "iFS.O," 

4 27X," DT =“,F7.*I>' 

3 27X,"LOCD=",I3/' 

6 27X,"TIJ-!E TO DETECTION = ",FS-1." SECS.'V 

7 27X-"TIilE TO IDENTIFY = SECS.") 

lFaNAHE,EO.<>0‘10-!040‘10B>GO TO 601 

CALL OUTPUT 
601 CONTINUE 

.'■vrr 




SUeROUTIlIE OUTPUT 
OIMENSIOW IBUFFC208> 

OPEtK21 ^ 0 i g, alBUFF- 

WRITECEDXFFyY/Vy V2.TH£TA.PHl,>!I*CRftB*T0ET£:CT,TI!>EMT 

URITEC2l>LOCDy CTOTTU > y STORXC I ) . STOPAC I STOS:Y< I > . 1=1 .LOCO) 

DO 1 K=l»50 

COWTINUE 

COUTIHUE 

CLOSEC2I) 

0PEJU22y 0 y 2y 3 IBUFFi ' cHITSTASi;** > 

LOCT=0 

iaRITEt22)L0CT 
DO 2 K=ly50 
COllTlUUC 
COHTIHUE 
CL0SE<22) 

OPEtK23yO,2.S>lBUFFy ‘jftUSSTASK*’ ) 

XISS=0 

tl)RTTe<23)mSS 
DO 3 K= 1, 50 
COtITItIUE 
COHTIHUE 
CL0SEC23) 

RETURH 

END 



SUBROUTIME RE CRD 

0 

C'H't==fc SUBROUTIME to RECORD RUN DATA 

C 

IMPLICIT FRACTION <F) 

COMMOU/'CST«SK^nSTSJC,TOTTfi,£TlMEiLTOtLNStJfOLO,TniEO»I.TlMEOFF 
COMMOH/PRHTR»-V,XI,VG.VtlI,COSXlit»SIHXtfl.COS35,SlH35»BETftG- VtlORtLCRftB 
COnMON/PRMTRr'GAUMA# ALPHA . BETft.pHI , V«. VY,VZ, THETA, A, XM, V, R 
COMHON^DPRMTR^DV>DXI ,DGAHA,DfiLFA,DBETA,DPHI,DT,C.V2 
COHHON LOCD-TOTTa5O),STORXC150>,STORH<lS0>.STOPY<lS0> 

C 

C*>!.+ UPDATE RUmilHG CLOCK 

C 

TOTTX=rTOTTX+DT 

C 

C***‘ STORE total elapsed TIME. X.A.RHO Y AT 5 SEC 

Ct + 1. INTERVALS! UNLESS ALTITUDE IS LESS THAN ISO. 

C*** IN WHICH CASE STORE THEM AT 1 SEC INTERVALS 

C 

TIHT=5. 

IF<A,LE.150.)TIHT=J. 

IFCAMOOaOTTX.TlNT) .GT.OTJCO TO lOl 
LOCD=LOCD+l 
TaTTCLOCD>=TOTrX 
STQRX<LOCD)=XM*&080 ,2f-l tS3. 

STORA<LOCD>=A 
STORY<LOCD>=Y 
101 CONTINUE 
RETURN 
END 



APPENBIX B 

INSTRUCTIONS TO THE SUBJECTS 



INSTRUCTIONS TO PILOT 

You are the pilot-in-command of a Boeing-707-123 on a 
flight to Boston, 

You will be asked to fly a number of ILS approaches 
to touchdown on Runway 4R at Logan in Kero-ceiling> zero- 
visibility conditions. Your task is to stay as close as 
you can to the nominal iLS path and to execute the best 
landing possible under the circumstances. 

The approaches will be flown with the autopilot in 
different modes: Some may be fully automatic, some may 

have autopilot coupling in one axis, and some may be 
fully manual, with flight-director guidance. 

The guidance-and-control equipment that you have on 
board is not too reliable and has been known to malfunction 
occasionally in the past. Therefore, you should keep up 
your instrument scan to detect discrepancies which might 
indicate a guidance-and-control system failure. 

All the approaches will start from the same point: You 
are 12 miles south-west of the airport at 2500 feet AGL, 
flying heading 065 to intercept the localizer inbound. 



INSTRUCTIONS TO PILOT - WORKLOAD MEASUREMENT 


This is our "Pilot Workload Assessment" experiment. You 
have two tasks to perform: 

The piloting task^ which should be your major concern 
at all times, consists of flyirig an ILS approach to 
touchdown on Runway 4R. 

Your secOiidary task is identifying, and responding to, 
the two lights above the center panel . One or the other 
of the lights will illuminate at random times and will 
stay on for two seconds. Your response consists of moving 
the thumb-switch which is mounted on the left horn of the 
yoke in the direction of the light - UP for the upper light, 
DOWN for the lovzer light. 

To be scored as correct, your response must be made 
while the light is on. 

Let me again emphasise that your primary concern should 
be to do the best that you can flying the approach. 

Respond to the lights if, and only if, you feel that you 
can do so without sacrificing your piloting performance. 



APPENDIX C 

PILOT QUESTIONNAIRES 


QUESTIONNAIRE - PERSONAE DATA. PRECEDIMG PAGE BLANK NOT FILMED 


Name 


Age 


Sesc 


Airline 


Position 


Pilot's License 


Type Ratings 


Commercial Flight Experience: 

Transport Aircraft - Jets: Hours 
Types 


Recip. : Hours 


Types 


Military Flight Experience: 

Jets: Hours Types 

Rec.: Hours Types 

Private Flight Experience: 

Hours ; Types 


Simulator Experience: 


Experience With Flight Directors: 


□ 

Cross -Pointers 

(Sperry) 

□ 

Roll Bars 

(Collins 

lIj 

Other - specify 

: 

... 

1 

None 



Total ILS Approaches Flown 


ILS Approaches Flown In Last Six Months 
Last ILS Approach Flown 


Total Hours Flown In Last Six Months - . . ■ ■■■ .■ ■■ - 

Dominant Hand: Wearing Glasses When Flying? 



QUESTIONNAIRE - WORKLOAD EVALUATION. 


Please give only one answer per question. 

I. In my opinion, with respect to response characteristics, 
the simulated aircraft was: 

[ ] Excel leiit 
[ 1 Good 
{ 3 Fair 

[ ] Somewhat uncomfortable: Quite sensitive or 

quite sluggish 

[ 3 Very uncomfortable; Extremely sensitive or 
extremely sluggish 
[ ] Nearly uncontrollab3.e 
[ ] Uncontrollable 

II. In my opinion, with respect to control characteristics, 
the simulated aircraft was : 

[ ] Extremely easy to control v/ith excellent precision 
[ ] Easy to control with good precision 
[ ] Controllable, with somewhat inadequate precision 
E ] Controllable, but with Very little precision 
[ ] Difficult to control 
[ ] Nearly uncontrollable 
[ 3 Uncontrollable 



III» In my opinion;, with respect to the demands placed 
on me- as the pilot, the simulated aircraft was; 

[ ] Completely undemanding, very comfortable to fly 
[ ] Largely undemanding, comfortable to fly 
[ ] Mildly demanding of pilot attention, skill 
or effort 

[ ] Very demanding of pilot attention, skill or 
effort 

[ ] Nearly uncontrollable 

[ ] Uncontrollable 


IV. In my opinion, the following is true with respect to 
the deficiencies in the simulated aircraft; 

[ ] No noticeable deficiencies 

[ ] Very mild deficiencies with no significant effect 
on performance 

[ ] Deficiencies with effects on performance which 
are easily compensated for by the pilot 
[ ] Moderately objection'. able deficiencies 

[ ] Very objectionable deficiencies 

[ 3 Nearly uncontrollable 

[ 3 Uncontrollable 


P.4GB 




CODE: 


V, In my opinion r turning off the lights interfered with my 
performance on the piloting task: 

[ ] Hot at all, no interference 
[ ] To a negligible extent 

[ ] Some interference, resulted in few piloting errors 
[ ] Moderate interference, caused some piloting errors 
[ ] Definite interference, resulted in considerable 
piloting errors 

[ ] Nearly complete interference, piloting was severely 
impaired 

[ 1 Complete interference, could not perform piloting 
task 

VI, In my opinion, the following is true with respect to my 
responses to the lights : 

[ ] Always responded immediately 
[ ] Always responded, but occasionally too late 
[ ] Usually responded, and responses were never late 
[ ] Usually responded, but responses were sometimes late 
[ ] Often failed to respond, but responses were 
Visually on time 

[ ] Often failed to respond and responses were usually 
too late 

[ ] Only rarely responded 


m. : . 

S.d. ?. CODE: 
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